
© The Author(s) 2017. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved. 
For permissions, please e-mail: journals.permissions@oup.com.

11

Journals of Gerontology: Biological Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2018, Vol. 73, No. 1, 11–20

doi:10.1093/gerona/glx119
Advance Access publication June 20, 2017

Original Article

Dissociation of Striatal Dopamine and Tyrosine  
Hydroxylase Expression from Aging-Related Motor 
Decline: Evidence from Calorie Restriction Intervention
Michael F. Salvatore, PhD,1 Jennifer Terrebonne, MS,2 Mark A. Cantu, MS,1  
Tamara R. McInnis, BS,1 Katy Venable, BS,2 Parker Kelley, BS,2 Ella A. Kasanga, MPhil,1  
Brian Latimer, BS,3 Catherine L. Owens, BS,3 Brandon S. Pruett, MD, PhD,3  
Yongmei Yu, MS,2 Robert Luedtke, PhD,1 Michael J. Forster, PhD,1  
Nathalie Sumien, PhD,1 and Donald K. Ingram, PhD2 
1Institute for Healthy Aging and Center for Neuroscience Discovery, University of North Texas Health Science Center, Fort Worth. 
2Pennington Biomedical Research Center, Baton Rouge, Louisiana. 3Louisiana State University Health Sciences Center–Shreveport.

Address correspondence to: Michael F. Salvatore, PhD, Center for Neuroscience Discovery, Institute for Healthy Aging, University of North Texas 
Health Science Center, 3500 Camp Bowie Blvd, Fort Worth, TX 76107. E-mail: michael.salvatore@unthsc.edu

Received: January 22, 2017; Editorial Decision Date: June 5, 2017

Decision Editor: Rozalyn Anderson, PhD

Abstract

The escalating increase in retirees living beyond their eighth decade brings increased prevalence of aging-related impairments, including locomotor 
impairment (Parkinsonism) that may affect ~50% of those reaching age 80, but has no confirmed neurobiological mechanism. Lifestyle strategies 
that attenuate motor decline, and its allied mechanisms, must be identified. Aging studies report little to moderate loss of striatal dopamine (DA) 
or tyrosine hydroxylase (TH) in nigrostriatal terminals, in contrast to ~70%–80% loss associated with bradykinesia onset in Parkinson’s disease. 
These studies evaluated the effect of ~6 months 30% calorie restriction (CR) on nigrostriatal DA regulation and aging-related locomotor decline 
initiated at 12 months of age in Brown-Norway Fischer F1 hybrid rats. The aging-related decline in locomotor activity was prevented by CR. 
However, striatal DA or TH expression was decreased in the CR group, but increased in substantia nigra versus the ad libitum group or 12-month-
old cohort. In a 4- to 6-month-old cohort, pharmacological TH inhibition reduced striatal DA ~30%, comparable with decreases reported in aged 
rats and the CR group, without affecting locomotor activity. The dissociation of moderate striatal DA reduction from locomotor activity seen in 
both studies suggests that aging-related decreases in striatal DA are dissociated from locomotor decline.
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Aging-related Parkinsonism shares the cardinal symptoms of 
Parkinson’s disease (PD) and has been well documented in the 
elderly population, affecting up to 50% of those reaching age 80 
(1–6). Although there is evidence of pathology in the central nerv-
ous system (CNS) associated with aging-related Parkinsonism 
(7,8), a specific molecular deficit associated with the motor 
decline has not been identified despite substantial investment in 
such efforts. Given the strong similarity of clinical symptoms of 
PD with aging-related Parkinsonism, including non-motor effects 
(6), studies of motor decline in established models of aging have 
centered upon possible striatal dopamine (DA) deficits. However, 

no aging study to date has reported that striatal DA or tyros-
ine hydroxylase (TH) loss is on par with the magnitude of loss 
observed in PD (9,10). During the human life span, loss of TH 
protein is ~15%, comparing old age versus mature adult puta-
men or caudate (11,12). Conversely, TH protein loss associated 
with onset of one of the cardinal signs of PD, bradykinesia, in a 
PD model is ~80% (10). Even 60% striatal TH loss is not associ-
ated with bradykinesia onset (10), and the most loss of striatal 
DA reported in any aging study is also ~60% (11,13,14). In fact, 
many aging studies have reported far less DA or TH loss, from 
near 0% to 30% loss (12,15–19).
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If we are to arrest, prevent, or at least attenuate the severity of 
motor impairment due to aging, a noninvasive approach is likely 
necessary, given its prevalence in the elderly adults. Furthermore, if we 
are to understand the neurobiological basis for how such noninvasive 
measures taken may be effective at reducing locomotor impairment, 
the continuing focus only on striatal DA regulation must be widened 
to include the possibility that changes in DA regulation in the sub-
stantia nigra (SN) are not only affected by aging, but could also be 
partially restored with successful noninvasive strategies that attenuate, 
prevent, or reverse locomotor decline. Nigral DA release was first char-
acterized 40 years ago (20), and there is evidence that perturbations in 
DA neurotransmission that occur only in the SN can affect locomotor 
activity (21–23). Furthermore, transient restoration of nigral DA to lev-
els above that in aged rats may increase locomotor activity in conjunc-
tion with increased nigral, but not striatal, TH protein expression (24).

The biological basis for aging-related decline in locomotor activity 
in humans can be addressed in established models of aging in rodent 
and nonhuman primates (25). Lifelong caloric restriction (CR) attenu-
ates locomotor decline associated with aging (26,27). Intervention 
with 30% CR at 12 months old in male Brown-Norway Fischer 344 
F1 hybrid (BNF) rats also attenuates locomotor activity decline (28), 
with parameters pertaining to locomotor activity (movement num-
ber and horizontal activity), independent of movement speed, most 
affected by CR intervention. Furthermore, the response to CR inter-
vention was reported to be greatest in rats that were least active at the 
12-month-old baseline (28). The CR effect was not associated with an 
increase in striatal DA or expression of TH or dopamine transporter 
compared with the ad libitum (AL) group. In the current study, we 
expand the scope of determining the neurobiological impact of CR. A 
12-month-old control group, which reflects dopaminergic neurochem-
istry during the life span at the time of CR initiation, was included. We 
also evaluated nigral DA regulation, to determine if CR impact could 
affect TH regulation in the SN. In a separate cohort of young BNF 
rats, we also evaluated if experimental reduction of striatal DA alone, 
by direct striatal infusion of the TH inhibitor, α-methyl-p-tyrosine 
(AMPT), affected locomotor activity. Together, these studies were 
designed to evaluate the role of nigrostriatal DA regulation in aging-
related motor decline and mechanisms associated with a nutritional 
intervention hypothesized to attenuate aging-related motor decline.

Methods

Test Subjects and Weight Determinations
BNF rats were obtained from NIA-contract facilities and used in the 
CR and striatal TH inhibition studies under approved protocols at 
LSU Health Sciences Center-Shreveport, University of North Texas 
Health Science Center, and Pennington Biomedical Research Center 
(PBRC) Institutional Animal Care and Use Committees. The BNF 
hybrids exhibit aging-related changes in nigrostriatal DA tissue con-
tent and locomotor decline comparable with nonhuman primates 
and outbred Sprague-Dawley rat (15,18,24,29).

For the striatal TH inhibition study, male BNF rats aged 
4–6 months were used. Surgical procedures used for assessment of 
DA reduction specificity from TH inhibition and related locomotor 
effects are further described in the Striatal Tyrosine Hydroxylase 
Inhibition Study section.

CR Study
Calorie restriction regimen
A total of 42 male BNF rats arrived at PBRC having been maintained on 
an ad libitum diet (NIH-31) since weaning. To provide careful control 

over food intake, rats were singly housed in plastic cages in an SPF viv-
arium located at PBRC maintained at 22 ± 2°C, 70% ± 10% humidity. 
The light cycle was controlled automatically with lights on at 5:00 and 
off at 17:00. Rats were provided fortified NIH-31 diet obtained from 
Harlan Teklad (catalog no 7017; Madison, WI) to assure that CR rats 
were not deprived of essential vitamins and minerals.

At 12 months of age, the rats were assessed for locomotor activ-
ity in an open field (see below) and assigned into two groups such 
that the group mean for rats placed into the AL (n = 15) or CR 
group (n = 15) did not have a significant difference in locomotor 
activity. The CR group had 70% of food intake, based on the con-
sumption amount of the AL group, which was adjusted, as neces-
sary, on a weekly basis as the study progressed. The 30% CR was 
gradually introduced, with restriction at 90%, 80%, and then 70% 
of AL group consumption, at Weeks 1, 2, and 3 into the study. Daily 
chow was given to CR rats ~1 hour before lights were turned off in 
the vivarium. Body weights were determined weekly. All locomotor 
testing was conducted between 08:30 and 15:00.

Assessment of locomotor activity
At baseline, and at 6, 12, 18, and 24 weeks after initiation of CR 
or AL, spontaneous locomotor activity was assessed in five separate 
trials, for 1 hour using automated activity chambers equipped with 
a matrix of infrared beams (VersaMax Animal Activity Monitoring 
System, Columbus, OH). Beam breaks were used by the software to 
produce the CR study locomotor measures. The sum total for move-
ment number, horizontal activity (a unitless measure), total distance 
(in centimeter), time spent moving (in second), and vertical activity 
were recorded in the hour-long session. Movement speed was calcu-
lated, taken by dividing total distance by the associated time spent 
moving (centimeter per second).

Striatal Tyrosine Hydroxylase Inhibition Study
Surgical and infusion procedures
Two surgeries were performed (a) to implant guide cannula used in 
the locomotor component of the study or (b) to determine the extent 
of DA reduction by striatal infusion of the TH inhibitor AMPT. Rats 
were anesthetized by either sodium pentobarbital (50 mg/kg) or iso-
flurane anesthesia. Double guide cannula (PlasticsOne, Roanoke, 
VA) were implanted for repeated bilateral infusions of sterile saline 
or AMPT via infusion cannula to evaluate the impact on locomotor 
function. Stainless steel cannula on the guide cannula were 5.0 mm 
apart, giving medial–lateral coordinates of ±2.5 ML and placed +1.0 
anterior–posterior to Bregma at a depth of −4.5 dorsal–ventral to 
bilaterally target dorsolateral striatum. The infusion cannula (28 
gauge), used in ensemble with guide cannula on locomotor testing 
days, had +1.0 mm projection beyond the termination of the guide 
cannula. This “stepped” configuration reduces backflow and maxi-
mizes the volume of distribution (30). Two small screws implanted 
into the skull served as anchors for dental cement applied to secure 
guide cannula. Rats recovered for at least 5 days prior to locomotor 
testing.

In terminal surgeries for verification of AMPT reduction on DA 
tissue content, 26 gauge beveled needles infused sterile saline into 
one hemisphere and AMPT (prepared in sterile saline) at the same 
coordinates in the other hemisphere. Needles remained in the tar-
geted tissue for 10 minutes following infusion. Striatal DA tissue 
content was evaluated at two time points (90 or 180 minutes) fol-
lowing striatal infusions. Other DA regions were collected to confirm 
specificity for the AMPT effect in striatum.
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Validation of AMPT-Mediated DA reduction
AMPT (as methyl ester HCl, Sigma–Aldrich [St Louis, MO, catalog 
no M3281] or TCI-EP [Tokyo, catalog no M1373]) was dissolved in 
sterile saline prior to striatal infusion. The rationale for the AMPT 
quantity of 2.1 nmole (delivered in 3 µL at 1 µL/min) was based on 
previous work showing efficacy to reduce DA and extracellular DA 
levels locally in striatum after CNS delivery (31,32). This AMPT-
mediated decrease in DA is in range of striatal DA loss in rodent 
and nonhuman primate aging studies, 0%–40% in striatum (15–
19,32,33) and in the BNF strain (15,18,31). Increasing the quantity 
of AMPT by 10- or 30-fold did not produce further DA reduction 
greater than previously reported at 90 minutes, or as seen at 180 
minutes with 2.1 nmole, as now reported here. A total of seven rats 
for each AMPT quantity were used.

Locomotor activity assessment
To account for variability in baseline locomotor activity among rats 
and variance in daily locomotor activity (15), the within-subject 
design compared locomotor activity within each test subject follow-
ing the bilateral infusion of sterile saline against locomotor activity 
following AMPT at equivalent time intervals. The locomotor activity 
following saline infusion is presumed to control for any impact on 
the volume of saline alone upon the extracellular DA concentrations 
and represent baseline locomotor activity for each rat. To account for 
daily variance in activity, saline or AMPT infusions (3 µL total vol-
ume bilaterally to each hemisphere) were repeated five times for each 
test subject, once daily, thereby requiring a total of 10 locomotor 
testing sessions, alternating the days of bilateral saline or AMPT 
infusion. Additional details of the infusion protocol and verification 
of striatal targeting are presented in Supplementary Material.

Target validation after locomotor testing
We verified the guide cannula successfully targeted the striatum and 
did not cause damage that could impede the introduction of the 
saline or AMPT after locomotor assessment. Images of coronal slices 
containing striatum were evaluated with the following two criteria: 
(a) evidence of track marks dorsal to striatum and (b) no evidence 
of hematoma or scar tissue within the striatum in either hemisphere. 
Having passed these criteria, locomotor activity data obtained from 
passing test subjects were further evaluated by the described (below) 
statistical analysis.

Both Studies
Analysis of dopamine tissue content and Western blotting 
assessments
Rats were rendered unconscious with isoflurane and immediately 
decapitated to rapidly remove the entire brain to chill at 4°C on 
a rat brain coronal matrix for dissection of striatum and SN (34). 
For both striatum and SN, DA D1 receptor, ser31 TH phosphoryl-
ation, TH protein, and DA tissue content were determined. DA trans-
porter and TH phosphorylation at ser19 and ser40 were analyzed in 
SN. Details of sample processing, HPLC methods, and Western blot-
ting procedures have been reported (34) and are also presented in 
Supplementary Material.

Statistics
CR study
Three statistical approaches for data analysis were employed. First, 
to evaluate possible CR interaction with aging and overall group dif-
ferences, a repeated measures two-way analysis of variance (ANOVA) 

was used followed by Fisher’s Least Significant Difference comparing 
results at each 6-week time interval. Second, to evaluate performance 
within AL or CR groups at each 6-week interval against individual 
rats baseline performance, a repeated measures one-way ANOVA 
followed by Dunnett’s multiple comparison test was used. Third, to 
determine if baseline performance in individual rats affected either 
the trajectory of aging-related locomotor decline (as inferred from 
results in the AL group) or the response to CR, a Pearson’s correlation 
evaluated the mean baseline value for each locomotor parameter ver-
sus the percent change in that parameter after 12 or 24 weeks.

To determine if differences in DA tissue content and DA-regulating 
proteins were observed as a function of aging and CR intervention, 
comparisons of the AL and CR groups included a 12-month-old 
control group (n = 12). The 12-month-old control group served as 
a representative of dopaminergic neurochemistry at this point in the 
life span to compare against aging-related effects occurring between 
12 and 18 months of age in the AL group and CR impact. The statis-
tical analysis utilized a one-way ANOVA followed by an uncorrected 
Fisher’s Least Significant Difference post hoc test.

Striatal tyrosine hydroxylase inhibition study

Neurochemistry assessment.  The studies were designed such that 
one hemisphere of the striatum received AMPT and the contralateral 
hemisphere received saline. DA tissue content levels were compared 
in the AMPT-infused hemisphere, the adjacent DA neuron center 
(nucleus accumbens), and the SN and ventral tegmental area (VTA), 
the cognate somatodendritic compartments of striatum and nucleus 
accumbens, respectively. A two-tailed t test determined if significant 
differences were evident in all four DA regions.

Locomotor assessment.  A repeated measures two-way ANOVA 
was used to determine if significant differences in locomotor activ-
ity (ambulatory counts as characterized by software updated from 
Columbus Instruments) occurred in each individual rat following 
AMPT against saline, matching the sum or mean of ambulatory 
counts over the five assessments done following each infusion within 
specific time intervals following infusion.

We also evaluated the sums of activity by combining the 20-min-
ute time intervals to determine total locomotor activity at 90 ± 30 
minutes of the verified neurochemistry result. A paired t test, com-
paring the sum of activity following saline versus AMPT for each 
individual rat was then conducted.

The Grubb’s test identified one outlier in the neurochemistry sets 
with alpha set to <.05. Significance for all statistical tests was set at 
p < .05.

Results

Body Weight Change and Food Consumption
Body weight decreased in the CR group to ~25% of baseline within 
the first 12 weeks, leveling out over the next 12 weeks to approxi-
mate the 30% target level of restriction. A modest, but significant, 
degree of body weight loss occurred in the AL group over the first 
12 weeks but recovered to baseline by 18 weeks (Figure 1A). This 
weight loss in the AL group was likely due to isolation housing 
imposed.

Daily food consumption in the AL group varied within 20% 
throughout the study (Figure 1B). There was a small, but significant 
increase in food consumption in the AL group from Weeks 13 to 24 
versus 1 to 12 during the study (Figure 1C).
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Locomotor Activity: Overall Group Performance in 
Specific Parameters of Locomotor Function
Movement number and horizontal activity are parameters of loco-
motor function associated with the initiation or generation of 
locomotor activity, which declines in aging (15,25,28). The imple-
mentation of 30% CR at 12 months of age attenuated the aging-
related decline in movement number (Figure  2A), with increased 
movement number versus the AL group mean beginning 6 weeks 
after CR intervention and at each 6-week interval thereafter. The 
implementation of 30% CR at 12 months of age also attenuated the 
aging-related decline in horizontal activity (Figure 2B), as revealed 
by significant interaction between CR and aging and overall effect of 
the CR diet, beginning 12 weeks and for the study duration.

These differences between the two groups were also evident in 
comparison with their baseline performance at 12 months of age. 
In the AL group, significant decreases in movement number were 
observed at 6 weeks and continued each 6 weeks thereafter; whereas 
in the CR group, no significant difference in movement number was 
observed at any of the 6-week intervals (Figure 2C). Aging-related 
decreases in horizontal activity also occurred in the AL group begin-
ning at 6 weeks and continued out to 24 weeks, whereas in the CR 
group, no significant differences in horizontal activity were observed 
at 6-, 12-, or 24-week post-CR intervention (Figure 2D).

The parameters of total distance, movement time, and vertical 
activity all declined significantly from 12 to 18 months of age. Each 
parameter was also affected by CR, but with lesser magnitude and 
shorter-lived effect compared with movement number and horizon-
tal activity. Significant differences between the CR and AL groups 
were evident at the 12-week time-point post-CR intervention 
(Figure 3A–C). These lesser effects of CR on distance and move-
ment time have been previously reported (28). Significant decreases 
in each parameter were observed against baseline for all three 
parameters in either group, although the magnitude of decline in 
the CR group was nearly half of that seen in the AL group at 12 
weeks into the study. Although not statistically significant, at the 
conclusion of the study, the difference in total distance and move-
ment time was still >20% greater in the CR group versus the AL 
group average. Movement speed was not significantly affected by 
aging between 12 and 18 months of age and not affected by CR 
intervention.

Relationship of Weight Change Versus Locomotor 
Function
Body weight at the start of the study did not have a significant cor-
relation to locomotor activity. The weight of rats, designated for the 
CR and AL groups, was not significantly correlated with either mean 
movement number or horizontal activity at their 12-month-old base-
line (data not shown), consistent with our previous study (28). No 
significant correlation was observed with individual weight change 
in the AL group versus the significant declines in movement num-
ber or horizontal activity at 24 weeks. The percent decrease in body 
weight in the CR group did not correlate with the percent change in 
movement number against the baseline, but did significantly correl-
ate with change in horizontal activity, such that the greater percent 
decline in body weight, the less decline in locomotor activity (Pearson 
r = −.589, p = .02). Overall, the percent decline in weight in the CR 
group was 26% versus a nonsignificant 11% decline in horizontal 
activity from baseline.

Figure  1.  Weight change during the study and food consumption. (A) 
Weight change during the study. The calorie restriction (CR) diet reduced 
weight (F(1,28) = 40.7, p < .0001) during the study, beginning at 12 weeks, 
and continuing out to 24 weeks after CR initiation (post hoc results: 
6 weeks, t  =  1.51, ns; 12 weeks, t  =  5.92, p  <  .0001; 18 weeks, t  =  9.05, 
p <  .0001; 24 weeks, t  = 10.9, p <  .0001). Rats in CR group had slightly 
greater starting initial weight (t  =  2.59, p  <  .05). This difference was 
unavoidable due to study design matching rats for equivalent locomotor 
activity mean and range. (B) Chow consumption between AL versus CR 
groups. Daily chow consumption varied in the AL group during the study. 
Data are presented as mean ± SEM. (C) Increased chow consumption in 
AL group during latter half of study. There was an overall 14% increase in 
chow consumption in AL group between Weeks 13–14 (16.2 ± 0.3 g) and 
Weeks 1–12 (14.2 ± 0.3 g; t = 4.84, p < .0001).
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Influence of Baseline Performance on Aging-Related 
Decline and CR Impact
We evaluated whether locomotor performance at 12 months of age influ-
enced the rate of aging-related locomotor decline in the AL group or the 
response to CR. The lower the horizontal activity at baseline (12 months 
old), the greater percentage decline in horizontal activity was observed 
at 24 weeks (when the rats reached 18 months old; Table 1). Although 
movement speed was not affected during the 12- to 18-month period of 
the life span, the lower the movement speed at 12 months old, the greater 
the decline in movement speed in the AL group (Table 1).

Individual rats with the least baseline activity responded the most 
to CR intervention, similar to previous results (28). This was evident 
for the parameters of movement number and movement time at 12 
and 24 weeks during the CR intervention (Table 1). Vertical activity 
was similarly affected, in that rats with the least amount of vertical 
activity had greater increases, or decreases of lesser magnitude from 
baseline, relative to their baseline performance (Table 1).

Dopamine Tissue Content and Turnover
Striatal DA tissue content was significantly reduced ~30% in the CR 
group against the 12-month-old control group (Figure 4A), with no sig-
nificant difference in DA in the AL versus 12-month-old control group. 
There was an overall 20% decrease in striatal DA in the CR group 
versus the AL group just beyond statistical significance (p = .06). DA 
turnover was significantly decreased in both the AL and CR groups ver-
sus the 12-month control group (Figure 4B). In contrast, in the SN, both 
DA tissue content and DA turnover were significantly increased in the 
CR group versus both AL and 12-month-old control groups (Figure 4C 
and D).

Tyrosine Hydroxylase Protein Expression and TH 
Phosphorylation
Striatal TH protein expression levels were significantly reduced 
~20% in the CR group compared with the AL group (Figure 5A). To 

Figure  2.  Impact of calorie restriction (CR) versus AL diet on movement 
number and horizontal activity from 12 to 18 months of age. (A) Interaction 
of diet impact and aging on movement number. A  significant interaction 
between aging and diet on was observed (F4,112 = 7.85, p < .0001) and diet effect 
on aging between AL and CR groups (F1,28 = 18.30, p = .002). Post hoc analysis 
indicated significant differences in between the AL and CR groups beginning 
at 12 weeks; 6 weeks (t = 2.77, **p = .006), 12 weeks (t = 5.56, ****p < .0001), 
18 weeks (t  =  3.49, ***p  =  .0006), and 24 weeks (t  =  4.15, ****p  <  .0001). 
(B) Interaction of diet impact and aging on horizontal activity. A significant 
interaction between aging and diet was observed (F4,112 = 6.01, p = .0002) and 
diet effect on aging between AL and CR groups (F1,28 = 9.09, p = .0054). Post 
hoc analysis indicated significant differences between the AL and CR groups 
at 12, 18, and 24 weeks; 6 weeks (t = 1.16, ns), 12 weeks (t = 4.00, ***p = .0001), 
18 weeks (t  =  2.70, **p  =  .008), and 24 weeks (t  =  3.82, ***p  =  .0002). (C) 
Movement number against baseline in AL and CR groups. In the AL group, 
movement number declined against individual baseline values beginning at 6 
weeks (repeated measures one-way analysis of variance [ANOVA; p < .0001, 
F  =  30.01]). Post hoc results (Dunnett’s Multiple Comparison test); baseline 
versus 6 weeks (q = 6.97, **** p < .0001), baseline versus 12 weeks (q = 5.74, 
***p  <  .001), baseline versus 18 weeks (q  =  7.56, ****p  <  .0001), baseline 
versus 24 weeks (q = 89.60, ****p < .0001). In the CR group, no significant 
difference in movement number was observed at any 6-week interval time 
point out to 24 weeks (repeated measures one-way ANOVA [p < .05, F = 3.64]). 
Post hoc results (Dunnett’s Multiple Comparison test); baseline versus 6 
weeks (q = 0.12, ns), baseline versus 12 weeks (q = 2.17, ns), baseline versus 
18 weeks (q = 1.19, ns), baseline versus 24 weeks (q = 1.13, ns). (D) Horizontal 
activity against baseline in AL and CR groups. In the AL group, horizontal 
activity declined against individual baseline values beginning at 6 weeks 
(repeated measures one-way ANOVA [p < .0001, F = 27.73]). Post hoc results 
(Dunnett’s Multiple Comparison test); baseline versus 6 weeks (q  =  6.68, 
p < .0001), baseline versus 12 weeks (q = 6.32, p < .0001), baseline versus 18 
weeks (q = 6.45, p < .0001), baseline versus 24 weeks (q = 8.39, p < .0001). In 
the CR group, no significant decrease in horizontal activity was observed at 12 
weeks after CR intervention, but there were significant decreases (though of 
lesser magnitude than that in the AL group) at 6, 16, and 24 weeks. Repeated 
measures one-way ANOVA (p  =  .012, F  =  3.92), post hoc results (Dunnett’s 
Multiple Comparison test), baseline versus 6 weeks (q = 2.30, ns), baseline 
versus 12 weeks (q = 0.10, ns), baseline versus 18 weeks (q = 2.84, p < .05), 
baseline versus 24 weeks (q = 2.54, ns).

Figure 3.  Impact of calorie restriction (CR) versus AL diet on total distance, 
movement time, vertical activity, and movement speed, 12–18 months of age. 
(A) Total distance. There was no significant interaction between aging and 
diet on total distance (F4,112 = 1.43, p = .23) and no significant effect of diet 
on aging between AL and CR groups across all time points (F1,28 = 2.01, p = 
.17). There was a significant difference in between the AL and CR groups at 
12 weeks; 6 weeks (t = 0.26, ns), 12 weeks (t = 2.1, * p < .05), 18 weeks (t = 
1.23, ns), and 24 weeks (t = 1.68, p = .09). (B) Movement time. There was no 
significant interaction between aging and diet on total distance (F4,112 = 1.47, 
p = .22) and no significant effect of diet on aging between AL and CR groups 
across all time points (F1,28 = 2.31, p = .14). There was a significant difference 
in between the AL and CR groups at 12 weeks; 6 weeks (t = 0.47, ns), 12 
weeks (t = 2.41, *p < .05), 18 weeks (t = 1.12, ns), and 24 weeks (t = 1.58, ns). 
(C) Vertical activity. There was no significant interaction between aging and 
diet on total distance (F4,112 = 0.78, p = .54) and no significant effect of diet on 
aging between AL and CR groups across all time points (F1,28 = 2.56, p = 0.12). 
There was a significant difference in between the AL and CR groups at 12 
weeks; 6 weeks (t = 0.71, ns), 12 weeks (t = 2.15, *p < .05), 18 weeks (t = 1.42, 
ns), and 24 weeks (t = 0.76, ns). (D) Movement speed. There was no significant 
interaction between aging and diet on total distance (F4,112 = 0.62, p = .65) and 
no significant effect of diet on aging between AL and CR groups across all 
time points (F1,28 = 0.041, p = .84). No differences in speed were evident at any 
6-week interval; 6 weeks (t = 0.53, ns), 12 weeks (t = 0.96, ns), 18 weeks (t = 
0.35, ns), and 24 weeks (t = 0.48, ns).
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the converse, nigral TH protein expression levels were significantly 
increased by roughly the same margin of difference (~24%) in the CR 
group versus the AL group (Figure 5C). Within the 12- to 18-month 
time period, no significant differences in TH expression were observed 
in the AL group versus the 12-month-old control group in either region.

Increased TH phosphorylation at ser31 may increase TH activity 
in vivo, and, at ser19 and possibly at ser40, may indicate increased TH 
proteolysis (35). Our previous analysis of CR effects on ser19 and ser40 
in the striatum indicated no significant differences versus the AL group 
(28). However, there was a small, but significant, increase in ser31 
phosphorylation in striatum in the CR group versus the 12-month-old 
control (Figure 5B). In contrast, in the SN, there were no significant 
differences in ser31 (Figure 5D), ser19 (12-month control, 0.40 ± 0.03; 
AL, 0.44  ±  0.05; CR, 0.40  ±  0.04), or ser40 (12-month control, 
0.049 ± 0.004; AL, 0.049 ± 0.005; CR, 0.043 ± 0.005 (mean ± SEM, 
results expressed as ng phosphorylation site per ng TH total protein).

Dopamine Transporter, Dopamine D1 Receptor 
Expression
CR intervention did not affect striatal DA transporter expression in 
our previous study (28). Therefore, we evaluated CR effects against 
aging versus the 12-month control and against the AL group only 
in the SN. No significant differences in DA transporter expression 
were noted among the three groups (one-way ANOVA F(2,36) = 0.68, 
12-month control vs AL, t  =  0.72, ns; 12-month control vs CR, 
t = 1.16, ns; AL vs CR, t = 0.47, ns).

Modulation of the DA D1 receptor in the SN can influence loco-
motor function (23,36). D1 receptor expression was significantly 
decreased in both the AL and CR groups versus the 12-month-old 
control group in both striatum and SN (Figure  6A and B). These 
data, in contrast to the dichotomous effects on CR on TH expression 
on the nigrostriatal neuron compartments, show that aging reduces 
D1 receptor expression in both regions. This indicates that reduced 

DA neurotransmission by reduced postsynaptic DA receptor expres-
sion may contribute to decreased locomotor activity between 12 and 
18 months of age in the AL group.

AMPT-Mediated DA Reduction in Striatum and 
Impact on Locomotor Function
Verification of striatum-specific DA reduction
To further evaluate if reduction of striatal DA affected locomotor 
function, we employed a method previously shown to decrease 
DA specifically in striatum and not SN (31) in 6-month-old BNF 
rats. A decrease in striatal DA similar to that previously reported in 
aging studies in young rats, presumed to be devoid of aging-related 
impairment to locomotor capabilities, could determine if such stri-
atal DA loss affects locomotor activity. AMPT, at the concentration 
previously shown effective at 90 minutes (31), also reduced DA in 
dorsal striatum 3 hours after infusion, averaging ~30% reduction 
(Figure 7A), without effect in the SN (Figure 7B), the nucleus accum-
bens (Figure 7C), or VTA (data not shown; ng DA/mg protein, vehi-
cle = 12.8 ± 2.3, AMPT = 14.5 ± 1.8; t = 0.58, ns, df = 10).

This AMPT-mediated effect on DA reduction was maximal 
at 2.1  nmole, as 10-fold greater quantity (21  nmole) did not fur-
ther reduce striatal DA tissue content at 90 minutes (Figure  7F), 

Figure 4.  Dopamine (DA) tissue content and DA turnover in 12-month-
old control group and AL and calorie restriction (CR) groups at 18 months 
old. (A) Striatal DA tissue content. There was a significant difference in DA 
tissue content across all groups (one-way analysis of variance [ANOVA], 
F(2,38) = 5.21, p = .01), with a significant decrease in the CR group versus the 
12-month-old control group (t = 3.19, **p = .003). No difference between the 
AL group versus the 12-month-old control group was observed (t = 1.44, 
ns), but a trend toward a decrease in the AL group versus the CR group (t 
= 1.91, p = .06). (B) Striatal DA turnover. There was a significant difference 
in DA turnover across all groups (one-way ANOVA F(2,38) = 10.09, p = .0003), 
with DA turnover significantly decreased in both the CR group (t = 3.75, 
***p = .0006) and AL group (t = 4.19, ***p = .0002) versus the 12-month-old 
control group. No difference in DA turnover was observed between the CR 
group and AL group (t = 0.48, ns). (C) Nigral DA tissue content. There was a 
significant difference in DA tissue content across all groups (one-way ANOVA 
F(2,38) = 5.62, p = .007), with a significant increase in the CR group versus the 
12-month-old control group (t = 2.51, * p < .05) and the AL group  (t = 3.12, 
**p = 0.004). (D) Nigral DA turnover. There was a significant difference in DA 
turnover across all groups (one-way ANOVA F(2,36) = 9.31, p = .0006), with a 
significant increase in the CR group versus the 12-month-old control group 
(t = 4.26, ***p = .0001) and versus the AL group (t = 2.50, *p < .05). A trend 
toward an increase in DA turnover was observed between the AL group and 
12-month-old control group (t = 1.82, p = .07).

Table  1.  Relationship of Individual Baseline Performance Versus 
Response to CR

Locomotor parameter CR AL

Pearson r p Pearson r p

Movement number
  12 wk −.745 .002** .070 ns
  24 wk −.789 .0005*** .120 ns
Horizontal activity
  12 wk −.400 ns −.490 .06
  24 wk −.446 .096 −.562 .03*
Total distance
  12 wk −.449 ns −.344 ns
  24 wk −.286 ns −.502 .056
Movement time
  12 wk −.568 .03* −.361 ns
  24 wk −.505 .055 −.443 ns
Vertical activity
  12 wk −.622 .013* .180 ns
  24 wk −.677 .006** .075 ns
Speed
  12 wk −.685 .005** −.462 .08
  24 wk −.472 .076 −.542 .04*

Note: AL = ad libitum; CR = calorie restriction; ns = nonsignificant. *p < 
0.05, **p < 0.01, ***p < 0.001.
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versus previously reported decreased DA at this time period (31). 
DA tissue content in the other DA regions was also unaffected by 
this AMPT quantity (SN [ng DA/mg protein, vehicle  =  6.8  ±  0.6, 
AMPT = 6.5 ± 0.8; t = 0.29, ns, df = 10], nucleus accumbens [ng 
DA/mg protein, vehicle = 93 ± 11, AMPT = 91 ± 12; t = 0.10, ns, 
df  =  11], or the VTA [ng DA/mg protein, vehicle  =  11.4  ±  2.6, 
AMPT = 14.4 ± 2.3; t = 0.86, ns, df = 8]). In summary, the experi-
mental reduction of ~30% striatal DA, following either quantity of 
AMPT, approximates the average loss of striatal DA reported in aged 
BNF or Sprague-Dawley rats (15,18,29,33), is specific for the stri-
atum alone, and equivalent to the decrease in striatal DA observed in 
the CR group compared with the AL and 12-month control groups.

Locomotor impact of striatal AMPT
Having confirmed the extent to which striatal DA was reduced by 
AMPT, we evaluated the impact of striatal infusion of AMPT on 
locomotor activity in 6-month-old BNF rats. Neither 2.1 (Figure 
7D and E) nor 21 nmole (Figure 7G) of AMPT reduced ambulatory 
counts. Given that both quantities of AMPT produced similar stri-
atal DA reduction (~30%), the locomotor results were then analyzed 
together in three 20 minute intervals, 60 to 120 minutes, following 
striatal infusion. There was no significant overall difference in ambu-
latory counts (Figure 7H). Taken together, these data indicate that 
decreased striatal DA and TH in the CR group may be dissociated 
from CR effects on locomotor function and that previously reported 
decreases of striatal DA in aging studies up to 30% may not be asso-
ciated with aging-related locomotor decline.

Discussion

A noninvasive strategy to potentially attenuate aging-related motor 
decline, CR, is shown to be effective when initiated in middle-aged rats. 
Parameters associated with locomotor activity, horizontal activity, and 
movement number were significantly preserved in the CR group ver-
sus the AL group at 18 months of age. Furthermore, CR improved all 
locomotor parameters measured for at least out to 12 weeks after ini-
tiation with the exception of movement speed (which was not affected 
by aging as evident in the AL group). Thus, from the perspective of 
locomotor function and its decline during aging, CR appears to pre-
serve the capacity to initiate movement over a significant portion of the 
rat life span beyond middle age. While a longer study would be neces-
sary to determine the true extent to which locomotor function can be 
preserved when CR is initiated at 12 months old, it seems likely that it 
would extend significantly beyond the ages tested in the current study. 
Previous studies of CR maintained throughout life failed to detect sig-
nificant locomotor decline at ages up to 24–30 months (26,37). CR 
initiation at middle age can also improve fine motor performance 
(38). Longer studies of CR initiated at this age would address how CR 
would concurrently affect DA regulation against the continuing effects 
of aging, as further decreases in TH expression and phosphorylation 
occur beyond 18 months of age, notably in the SN (15,24,29,31).

It is conceivable that CR effects on motor function could be 
related to diminished body mass (39). However, the percentage 
decline in weight was not correlated to percent change in movement 
number in the CR rats, a finding that we have previously reported 
(28). Furthermore, the divergence in slope of movement number and 
horizontal activity between the AL and CR groups clearly suggest 
a preservation of these indices of the ability to initiate locomotor 
activity against the aging-related decline observed in the AL group. 
There was also no significant increase in activity above baseline in 
the CR group at any point in the study. Long-term CR studies in 
mice that addressed this possibility directly also suggested that func-
tional status of AL and CR at 24 months could not be reversed by 
refeeding or introducing short-term CR (40,41).

The addition of a 12-month-old control group in the current 
study gave an aging-related reference point to evaluate how nigros-
triatal DA regulation may change over the course of ~6-month 
study (in the AL group), how CR implementation may have affected 
nigrostriatal DA regulation, and how these changes were related to 
the locomotor parameters examined. Striatal DA tissue content and 
TH expression were both significantly decreased in the CR group 

Figure  5.  Tyrosine hydroxylase (TH) protein expression and ser31 TH 
phosphorylation. (A) Striatum, total TH. There was a significant difference 
in TH protein across all groups (one-way ANOVA, F(2,37) = 3.83, p <  .05). TH 
protein expression was significantly less in the calorie restriction (CR) group 
compared with the AL and 12-month control group. Post hoc (12-month 
control vs AL, t = 0.04, ns; *12-month control vs CR, t = 2.25, p < .05; *AL vs CR, 
t = 2.45, p < .05). (B) Striatum, ser31 TH phosphorylation. ser31 phosphorylation 
TH protein was significantly increased in the CR group versus 12-month-old 
control group. One-way analysis of variance (ANOVA; F(2,37) = 3.16, p = .054), 
(post hoc 12-month control vs CR, t = 2.48, p < .05; AL vs 12-month control, 
t = 1.64, ns; AL vs CR, t = 0.88, ns). (C) Substantia nigra, total TH. TH protein 
expression was significantly greater in the CR group compared with the AL 
group. One-way ANOVA (F(2,37) = 2.73, p =  .08), (post hoc 12-month control 
vs AL, t  =  0.70, p  =  .49; 12-month control vs CR, t  =  1.44, p  =  .17; *AL vs 
CR, t  =  2.29, p  <  .05). (D) Substantia nigra, ser31 TH phosphorylation. No 
significant differences in ser31 TH phosphorylation were observed among the 
three groups. One-way ANOVA (F(2,37)  =  0.01, p  =  .99), (post hoc 12-month 
control vs AL, t = 0.08, ns; 12-month control vs CR, t = 0.03, ns; AL vs CR, 
t = 0.12, ns).

Figure  6.  Dopamine (DA) D1 receptor expression. (A) Striatum D1 receptor 
expression was decreased in the calorie restriction (CR) and AL groups 
versus 12-month-old control group. One-way ANOVA ([F(2,38) = 3.59, p = .037], 
post hoc 12-month control vs AL, t = 2.01, p = .051; 12-month control vs CR, 
t = 2.58, *p =  .01; AL vs CR, t = 0.64, ns). (B) Substantia nigra D1 receptor 
expression was significantly decreased (~25%–30%) in the CR and AL 
groups versus 12-month-old control group. One-way analysis of variance 
([F(2,35) = 4.83, p = .01], post hoc 12-month control vs AL, t = 2.94, **p = .006; 
12-month control vs CR, t = 2.46, *p = .019; AL vs CR, t = 0.56, ns).
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versus the 12-month-old control group, despite that movement num-
ber and horizontal activity at the end of the study (24-week post-
CR) were not significantly different from baseline activity. Striatal 
TH expression was also significantly lower in CR versus the AL 
group, despite the greater decline in movement number and horizon-
tal activity in the AL group compared with CR group. Total distance 
and movement time were also decreased, but by around half the 
decline in movement number and horizontal activity.

We have previously reported no relationship of striatal DA with 
these locomotor parameters in a longitudinal aging study (15). 
However, to determine if aging-related decreases in striatal DA alone 
could affect locomotor activity, we used another direct approach to 
pharmacologically and specifically inhibit TH activity to decrease DA 
specifically in the striatum of rats that were much younger (6 months 
old), representing an age presumably free of aging-related motor 
impairment. The experimental design allowed for direct comparisons 
of locomotor activity within each rat following vehicle or AMPT 
infusion, controlling for differences in innate locomotor activity that 
existed within the cohort. We also found no significant locomotor 
effect of striatal DA reduction upon ambulatory counts. Therefore, 
these results suggest that the reduction of striatal DA in the CR group 
was not directly involved with the locomotor effects associated with 
the CR group. Furthermore, as numerous aging studies report striatal 
DA reduction to be, on average, similar to the loss associated with 
AMPT or CR (~30%), it may be concluded that moderate striatal DA 
loss may be dissociated from parameters of movement initiation capa-
bilities and unrelated to aging-related decreases in locomotor activity.

We should note, however, that a postmortem evaluation of 
DA markers in striatum indicated ~35% loss in a Parkinson’s 
patient who died ~1 year after diagnosis (42). This finding might 
suggest that moderate loss of striatal DA, akin to that in aging, 
could contribute to locomotor impairment. However, a very recent 
study reported that a Parkinson’s patient who received bilateral 
fetal mesencephalic grafts in putamen never exhibited improved 
locomotor function over 16  years, despite evidence of robust 
TH-positive innervation (43). To the contrary but in the same vein 
of argument, striatal TH loss of 60% has not been associated with 
bradykinesia onset in primate PD models (10). Therefore, in light 
of these findings in more-advanced mammalian species, our find-
ings of dissociation of striatal TH or DA with locomotor functions 
are consistent. We point out, however, that one limitation to sup-
porting this conclusion is that a more complete profile of evaluat-
ing changes in DA neurotransmission versus the motor outcome 
could be gained by evaluation of potential changes in DA release in 
the compartments of the nigrostriatal pathway. For example, CR 
has been reported to decrease DA release in the nucleus accumbens 
(44,45), which might suggest a similar outcome from CR in the 
nigrostriatal terminal fields.

CR attenuation of aging-related decreases in locomotor activ-
ity between 12 and 18 months of age may be related, at least in part, 
to increased nigral TH expression and DA tissue content. The 30%–
50% loss of TH protein expression or DA neurotransmission in SN 
is consistently reported in aging studies across mammalian species, 
including human, and is associated with aging-related Parkinsonism 
(7,15–19,31,46,47). Similar loss of nigral neurons is reported in cases 
of incidental Lewy body disease (48). In relation to PD models, nigral 
TH loss at ~40% is also associated with bradykinesia onset (10). 
Recovery of aging-related deficits in locomotor function is also related 
to increased nigral, but not striatal, DA, or TH expression, including 
aged rats (24). Modulation of nigral DA neurotransmission beyond the 
DA biosynthesis step at TH can also affect open-field locomotor activity. 

Figure 7.  Specificity of striatal dopamine (DA) reduction and impact on locomotor 
function. α-Methyl-p-tyrosine (AMPT)-mediated reduction of DA tissue content 
3 hours following 2.1 nmole AMPT infusion in striatum (A–C) and locomotor 
impact (D, E), AMPT-mediated reduction of striatal DA tissue content 90 minutes 
following with 21 nmole AMPT infusion in striatum (F) and locomotor impact 
(G). (A) Dorsal striatum. DA tissue content decreased 30%, 3 hours following 2.1 
AMPT nmole infusion (t = 2.50, * p < .05, df = 12). (B) Substantia nigra. DA tissue 
content in the substantia nigra (SN) was unaffected by striatal AMPT infusion 
(t = 0.35, ns, df = 12). (C) Nucleus accumbens. DA tissue content in the nucleus 
accumbens was unaffected by striatal AMPT infusion (t = 1.24, ns, df = 12). (D) 
Striatal AMPT (2.1 nmole) impact on locomotor activity. Ambulatory counts in 
rats 81–180 minutes following AMPT into the striatum were not significantly 
different versus ambulatory counts in the same time period following vehicle 
infusions. Data represent the sum of ambulatory counts obtained over five trails 
for each rat following infusion of either vehicle or AMPT. Repeated measures 
two-way analysis of variance (ANOVA) results: AMPT effect: (F(4,16)  =  0.15, 
p = .96). Time following infusion: (F(1,4) = 0.32, p = .60). There was no significant 
interaction of time following infusion × AMPT (F(4,16) = 1.02, p = .43). Post hoc 
test results: 81–100 minutes, t  =  1.67, ns; 101–120 minutes, t  =  0.74, p  =  .47; 
121–140 minutes, t = 0.80, ns; 141–160 minutes, t = 0.32, ns; 161–180 minutes, 
t = 1.15, ns. (E) Total ambulatory counts between 81 and 180 minutes. The mean 
sum of ambulatory counts during 81–180 minutes following striatal AMPT 
infusion (2.1 nmole) versus that following vehicle infusion was not significantly 
different (paired t test matched for test subject [t = 0.57, ns, df = 4; 5 rats]). (F) DA 
tissue content, dorsal striatum. DA tissue content decreased 30%, 90 minutes 
following 21 AMPT nmole infusion (t = 2.99, *p < .05, df = 11). (G) Mean of sum 
total ambulatory counts 61–120 minutes following AMPT (21 nmole) infusion. 
The mean sum of ambulatory counts 61–120 minutes following striatal AMPT 
infusion (21 nmole) was not significantly different versus that following vehicle 
infusion (paired t test matched for sum of each test subject [t = 0.08, ns, df = 4; 
5 rats]). (H) Reduced striatal DA impact on ambulatory counts 61–120 minutes. 
Given similar striatal DA reduction from either 2.1 (31) or 21 nmole of AMPT 
(Figure 7F) of ~30%, mean ambulatory counts between 61 and 120 minutes 
following vehicle or AMPT infusion were analyzed by two-way ANOVA. The 
time past infusion was significant (F(2,18) = 9.82, p = .0013). No significant overall 
difference in mean ambulatory counts following AMPT infusion versus vehicle 
infusion was observed (F(1,9) = 0.10, ns).
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Postsynaptic DA D1 receptors on the striatonigral terminals increase 
GABA release upon binding DA, which in turn disinhibits GABAergic 
output neurons from the SN pars reticulata to modulate basal ganglia 
outflow (36,49). Blocking these striatonigral D1 receptors in the SN 
decreases open-field locomotor activity (23). Applied to our findings, 
the decrease in locomotor activity between 12 and 18 months may be 
related to decreased DA D1 receptor expression we observed against the 
12-month control group. We speculate that the increase in DA tissue 
content, associated with increased TH expression in SN alone, of the 
CR group may counteract the aging-related loss of DA D1 receptors. 
Increased DA tissue content likely would increase DA release capac-
ity, given that this relationship has been shown in vivo (32). Therefore, 
increased nigral DA tissue content in the CR group may partially com-
pensate for aging-related decreased D1 receptor expression to attenuate 
locomotor decline. Exercise, also associated with improved locomotor 
function in PD, is another noninvasive measure that increases TH pro-
tein expression only in SN and not striatum (50), similar to the observa-
tions from the CR intervention here. Other studies evaluating locomotor 
function in movement disorders have also implicated nigral, not striatal, 
DA function in locomotor performance measures (15,21,22,24). Thus, 
increased nigral TH expression may attenuate locomotor decline by off-
setting eventual aging-related declines in nigral TH expression.

In summary, this study has shown that locomotor decline in BNF 
rats begins during middle age and may be linked to decreased D1 recep-
tor expression. Moreover, we have confirmed that the implementation of 
CR attenuated locomotor decline associated with aging with decreased 
TH expression and DA tissue content in striatum, but increased TH 
and DA in the SN. This dichotomous response of the nigrostriatal path-
way to CR has been observed following other noninvasive interventions 
such as exercise and mechanistic interventions in DA neurotransmis-
sion. As such, the outcome provides further evidence of the dichotomy 
of DA neurotransmission of the nigrostriatal pathway between the stri-
atum and SN. The mounting evidence of the incongruity between stri-
atal DA and locomotor function from other studies is supported by this 
study, wherein pharmacological inhibition of TH activity that produces 
decreased striatal DA levels similar to that in aging did not affect loco-
motor activity. Therefore, the involvement of reduced striatal DA func-
tion seen in aging upon locomotor decline must be re-evaluated in light 
of our finding in conjunction with other literature. The consideration 
of a role of nigral DA signaling as a mechanism to preserve locomotor 
function in aging should be at the forefront of efforts to determine strat-
egies to address locomotor impairment in aging.
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