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Abstract

Parkinson’s disease (PD) is a movement disorder whose cardinal motor symptoms arise due to the 

progressive loss of dopamine. Although this dopamine loss typically progresses slowly over time, 

currently there are very few animal models that enable incremental dopamine depletion over time 

within the same animal. This type of gradual dopamine depletion model would be useful in studies 

aimed at the prodromal phase of PD, when dopamine levels are pathologically low but motor 

symptoms have not yet presented. Utilizing the highly characterized neurotoxin 6-

hydroxydopamine (6-OHDA), we have developed a paradigm to gradually deplete dopamine 

levels in the striatum over a user-defined time course – spanning weeks to months – in C57BL/6 

mice. Dopamine depletions were achieved by administration of five low dose injections (0.75 µg) 

of 6-OHDA through an implanted intracranial bilateral cannula targeting the medial forebrain 

bundle. Levels of dopamine within the striatum declined linearly with successive injections, 

quantified using tyrosine hydroxylase immunostaining and high-performance liquid 

chromatography. Behavioral testing was carried out at each time point to study the onset and 

progression of motor impairments as a function of dopamine loss over time. We found that 

spontaneous locomotion, measured in an open field, was robust to loss of dopamine until ~70% of 

striatal dopamine was lost. Beyond this point, additional dopamine loss caused a sharp decline in 

motor performance, reaching a final level comparable to that of acutely depleted mice. Similarly, 

although rearing behavior was more sensitive to dopamine loss and declined linearly as a function 

of dopamine levels, it eventually declined to levels similar to that seen in acutely depleted mice. In 

contrast, motor coordination, measured on a vertical pole task, was only moderately impaired in 

gradually depleted mice, despite severe impairments observed in acutely depleted mice. These 

results demonstrate the importance of the temporal profile of dopamine loss on the magnitude and 

progression of behavioral impairments. Our gradual depletion model thus establishes a new 

paradigm with which to study how circuits respond and adapt to dopamine loss over time, 

information which could uncover important cellular events during the prodromal phase of PD that 

ultimately impact the presentation or treatability of behavioral symptoms.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease characterized by a progressive loss 

of dopamine neurons in the substantia nigra pars compacta (SNc) (Fearnley and Lees 1991, 

Morrish, Sawle et al. 1996, Damier, Hirsch et al. 1999). This results in decreased dopamine 

signaling in the striatum, a major input nucleus of the basal ganglia involved in the control 

of voluntary movement (Marsden and Obeso 1994, Mink 1996, Olanow and Tatton 1999, 

Dauer and Przedborski 2003). Motor symptoms such as tremors, rigidity, bradykinesia, 

freezing, and balance instability typically do not become overt enough to diagnose PD until 

dopaminergic loss exceeds 70% in the striatum (Bernheimer, Birkmayer et al. 1973, 

Riederer and Wuketich 1976, Betarbet, Sherer et al. 2002, Deumens, Blokland et al. 2002, 

Fahn 2003). Unfortunately by this time, patients have likely been living with chronically low 

levels of dopamine for years and dysfunction in neural circuits may have already passed a 

point of no return. It has been proposed that the pre-symptomatic phase of PD, called the 

prodromal phase, is an ideal time to begin therapies (Schapira and Tolosa 2010, Olanow and 

Obeso 2012). Treatments administered prior to complete dopamine loss may prevent further 

neurodegeneration or delay the onset of motor deficits. In addition, further understanding of 

how and when motor systems begin to break down during this phase may lead to techniques 

for early detection and more effective therapies aimed at restoring circuit function (Little 

and Brown 2014).

Current standard animal models of PD typically involve acute, rapid degeneration of 

dopamine neurons which does not recapitulate PD disease progression (for reviews see 

(Betarbet, Sherer et al. 2002, Schober 2004, Bove, Prou et al. 2005, Terzioglu and Galter 

2008, Hisahara and Shimohama 2010)). These models preclude the development of 

pathogenic mechanisms and prevent studies of various stages of PD. This need for chronic 

models of dopamine degeneration has led to an increase in the number and availability of 

genetic models of PD, but only 5% of human PD cases are inherited and these models come 

with their own set of limitations, discussed at length in a number of reviews (Betarbet, 

Sherer et al. 2002, Dauer and Przedborski 2003, Chesselet, Fleming et al. 2008, Meredith, 

Sonsalla et al. 2008, Terzioglu and Galter 2008, Dawson, Ko et al. 2010, Potashkin, Blume 

et al. 2010). In contrast to genetic strategies, well-characterized neurotoxin models, and 

more recently, AAV-induced overexpression of α- synuclein (Decressac, Mattsson et al. 

2012, Decressac, Mattsson et al. 2012, Lundblad, Decressac et al. 2012), have been adapted 

to create alternative chronic models of dopamine depletion (Greenamyre, Betarbet et al. 

2003, Fleming, Delville et al. 2005, Meredith, Sonsalla et al. 2008, Goldberg, Haack et al. 

2011, Goldberg, Fields et al. 2012). However, models using 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) require increased safety precautions when handling mice which 

has proven to be a deterrent for widespread application of these models. Furthermore MPTP 

has had questionable toxicity in various mouse strains and does not always result in 

persistent and progressive motor symptoms (Bezard, Dovero et al. 1997, Schwarting, Sedelis 

et al. 1999, Przedborski, Jackson-Lewis et al. 2001, Betarbet, Sherer et al. 2002, Meredith, 

Totterdell et al. 2002, McNaught, Perl et al. 2004, Schober 2004, Blume, Cass et al. 2009, 

Blesa, Juri et al. 2010). Other adapted models utilize 6-hydroxydopamine (6-OHDA), the 

neurotoxin used in the first animal model of PD associated with SNc dopaminergic 
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neurodegeneration (Ungerstedt 1968). In most models utilizing 6-OHDA, animals are 

dopamine depleted unilaterally or given various acute doses to model different stages 

(Przedborski, Levivier et al. 1995, Schwarting and Huston 1996, Schwarting and Huston 

1996, Kirik, Rosenblad et al. 1998, Ferro, Bellissimo et al. 2005, Fleming, Delville et al. 

2005, Truong, Allbutt et al. 2006). While dopamine loss in human PD can be asymmetrical, 

it ultimately results in dopamine loss in both hemispheres (Deumens, Blokland et al. 2002, 

Simola, Morelli et al. 2007). There are also concerns regarding contralateral compensation 

in unilateral depletions and a lack of compensatory mechanisms in using acute doses to 

model different stages of the disease (Schwarting and Huston 1996, Meredith and Kang 

2006, Potashkin, Blume et al. 2010). Thus, there is a lack of behavioral data available for the 

prodromal phase, where dopamine is being depleted bilaterally and gradually within the 

same animal.

In this study, we adapt the traditional 6-OHDA model to produce a gradual, bilateral 

dopamine loss over a user-defined time course. By administering low doses of 6-OHDA 

bilaterally through an intracranial cannula targeting the medial forebrain bundle (MFB), we 

gradually depleted dopamine levels within the same animal over 2–7 weeks rather than 2–3 

days. Using this technique, we were able to slowly deplete dopamine over a prolonged time 

course to study the effects of gradual vs. acute depletion on the onset and progression of 

motor impairments. We find that certain aspects of motor behavior are altered differentially 

as dopamine is depleted. Furthermore, some behaviors were differentially affected in 

gradually vs. acutely depleted mice, suggesting the engagement of compensatory plasticity 

during gradual depletion that is not engaged with the more traditional, acute paradigm. This 

study demonstrates that the time course of dopamine loss can influence the final behavioral 

state of the animal and provides a paradigm with which to study how motor systems adapt to 

chronically low levels of dopamine over time.

Materials and Methods

Animals

Experiments were conducted in accordance with the guidelines from the National Institutes 

of Health and with approval from Carnegie Mellon University Institutional Animal Care and 

Use Committee. Male and female P30–P80 day old mice on a C57BL/6J background were 

used for experiments. Acutely depleted animals were P42–P59 at time of injection and were 

P47–P81 when they completed their last behavioral testing. Gradual(3day) depleted animals 

and littermate saline controls were P34–P61 at the time of their first injection and were P44–

P80 when they completed their last behavioral testing. Gradual(7day) depleted animals and 

littermate controls were P41 at the time of their first injection and were P90 when they 

completed their last behavioral testing. After surgical implantation of the cannula, animals 

were housed separately to prevent damage to the cannula. Animals were provided with 

dishes of crushed high fat food pellets moistened with water, additional hard food pellets on 

the floor of the cage, as well as access to a water bottle. All cages were placed half on/half 

off heating pads following surgery and each subsequent infusion of 6-OHDA. Cages 

remained on heating pads unless animals were observed resting mainly in the unheated 

portion of the cage. Each infusion of saline or 6-OHDA was performed while animals were 

Willard et al. Page 3

Neuroscience. Author manuscript; available in PMC 2016 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lightly anesthetized on a heating pad, and all animals were injected with 0.1 cc of saline i.p. 

before being returned to their home cage. Animal’s weights were tracked regularly and extra 

i.p. saline and softened food or trail mix were provided to encourage weight gain and proper 

hydration when appropriate.

Implantation of bilateral cannulas and 6-OHDA injection in the MFB

Under ketamine/xylazine (100 mg/kg: 30 mg/kg, i.p.) anesthesia, the animals were placed on 

a stereotaxic frame (David Kopf Instruments) and maintained throughout surgery using 1–

2% isoflurane. Bilateral internal cannulas (Plastics One) cut to target ±1.1 mm lateral and 

−5.0 mm ventral were implanted 0.45 mm posterior to bregma and secured using superglue. 

6-hydroxydopamine was prepared at a concentration of 5 µg/µL in 0.9% NaCl for acute 

depletions and diluted further with 0.9% NaCl to 0.75 µg/µL for gradual depletions (Sigma-

Aldrich H116 6-Hydroxydopamine hydrobromide). Injections were performed using a 33-

gauge cannula (Plastics One) attached to a 10 µL Hamilton syringe within a syringe pump 

(GenieTouch; Kent Scientific) running at 0.5µL/min, to a total volume of 1µL/side. The 

injection cannula was left in place for 5 min following the injection. Control animals 

received the same volume of vehicle (0.9%NaCl), following the same procedure. 6-OHDA 

and vehicle were administered every 3 or 7 days, respectively, for gradual depletions and 

controls. Animals were sacrificed 72–80 h following the last given injection.

Behavioral Assessment

Following initial surgery and subsequent injections, animals were exposed to the following 

sequential behavioral tests: open field, rearing, and pole task. The minimum interval 

between two consecutive procedures was 30 min.

Open Field—To determine overall spontaneous mobility, mice were placed in a 24 cm 

diameter clear cylindrical open field chamber with video monitoring from above. Mice were 

in the arena for a total of 20 m, with 10 m for acclimation, and 10 m for data acquisition. 

Positions of nose, tail, and center of mass of each mouse were tracked using EthoVision 9.0 

software (Noldus). Ambulation was defined as periods when the velocity of the animal’s 

center point averaged more than 2.00 cm/s until the velocity was reduced to 1.75 cm/s. Two 

blind observers validated accuracy of this definition, and it excluded other fine movements 

such as rearing and sniffing. Immobility was defined as continuous periods of time (at least 

1 s) during which the average pixel change of the entire video image is less than 0.5%. This 

definition is very strict, such that any movement of the head, limbs, or tail would not be 

scored as immobility. Total time spent mobile, total time spent immobile, distance traveled, 

and average velocities were calculated using EthoVision 9.0. The arena was cleaned with 

50% ethanol between each animal.

Rearing—To assess spontaneous vertical activity, mice were placed in a standard 1000 mL 

glass beaker with video monitoring from the side for a total of 10 min. The number of full 

extension rears was manually scored post-hoc by observers blind to treatment. The beaker 

was cleaned with 50% ethanol between each animal.
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Pole Task—To evaluate coordination and bradykinesia, mice were placed head-upward at 

the top of a vertical gauze-wrapped circular wooden pole (diameter = 1 cm; height = 55 cm) 

with video monitoring from the side. To encourage descent, a 60-watt lamp was aimed at the 

top of the pole. Prior to surgery/testing mice were trained for 3–5 trials or until descent took 

< 30 s under testing conditions to ensure each mouse was able to perform the task with ease 

before dopamine depletion. The latency to turn downward (turn down latency = TDL), time 

from orientation downward until all four paws reached the ground (traverse time), and total 

time spent on the pole (total) was recorded with a maximum duration of 120 s for three 

trials. All measurements were manually scored offline by observers blind to treatment. Even 

if the mouse fell part way into its descent, the behavior was scored until it reached the 

ground. When the mouse was unable to turn downward and/or instead dropped from the 

pole, all latencies were recorded as 120 s (default value) because of the severity of motor 

dysfunction.

Immunohistochemistry

Degree of dopamine denervation was assessed at 72 h post-injection in 6-OHDA-treated 

mice by tyrosine hydroxylase staining. Following decapitation, brains were surgically 

removed and drop-fixed with 4% paraformaldehyde in phosphate buffered saline at 4°C for 

24 h. After rinsing with phosphate buffered saline, brains were transferred to 30% sucrose in 

phosphate buffered saline and stored at 4°C for at least 24 h prior to sectioning. 

Immunohistochemistry was carried out in free-floating coronal frozen sections (30 µm). 

Tissue was sectioned using a freezing microtome (Microm HM 430; Thermo Scientific), 

blocked with 10% normal donkey serum, and permeabilized with 0.5% Triton X-100 for 1 h. 

Primary antibody incubations were performed at room temperature for 24 h using rabbit 

anti-TH (1:500; Pel-Freez). Primary antibodies were detected with Alexa Fluor 647-

conjugated donkey anti-rabbit (1:500, Vector Laboratories), incubated for 90 min at room 

temperature.

Fluorescence Quantification—Epifluorescent images (10× magnification) were taken 

from bilateral dorsal striatum in one coronal section between 0.62 mm and 1.10 mm Bregma 

(according to Paxinos second edition Mouse Brain in Stereotaxic Coordinates). Pixel 

intensity over a 75 × 75 µm area (5625 µm2) from each hemisphere was measured using the 

pixel intensity measuring tool in ImageJ and normalized to the pixel intensities measured in 

saline control mice processed and imaged in parallel.

High Performance Liquid Chromatography—Levels of dopamine neurotransmitter 

were assessed at 72 h post-injection in 6-hydroxydopamine-treated mice by high 

performance liquid chromatography (HPLC). Following decapitation, brains were quickly 

placed in a Vibrotome and a 700 µm coronal section containing striatum was removed. 

Dorsal striatum from each side was dissected and flash frozen on dry ice immediately. These 

samples were numbered and shipped on dry ice to CMN/KC Neurochemistry Core 

Laboratory at Vanderbilt University in Nashville, TN for analysis. In order to control for 

variability of dopamine, data from each animal was normalized to a same sex, same litter 

saline control.
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Statistical Analysis

All data sets were tested for normality with the Shapiro-Wilk test prior to any statistical 

analysis. Data are expressed as mean ± standard error of mean (SEM) unless otherwise 

indicated. Statistical analysis was performed using Kruskal-Wallis analysis of variance 

nonparametric test (KW) and any differences were further investigated by Kruskal-Wallis 

pairwise comparison between percentage dopamine remaining or injection number and 

saline controls with a Bonferroni correction for number of comparisons. Bar graphs 

comparing performance between saline, gradual, and acute depletions were also tested using 

KW and pairwise comparisons included gradual vs. acute. In Figure 1F comparison of dorsal 

and ventral dopamine was analyzed with a Student’s t-test. Dopamine metabolites in Figure 

2 were analyzed using a one-way analysis of variance (ANOVA) followed by a Dunnett T3 

post hoc test (HVA, DOPAC, 3-MT) or a Dunnett t (2-sided) post hoc test (Nor, 5-HT). A p-

value of 0.05 was considered statistically significant. All statistical procedures were 

performed using IBM SPSS Statistics, version 22.

Results

Injections Of 6-OHDA Over Time Result in Graded Depletion of Striatal Dopamine

To develop a depletion paradigm where the rate of dopamine loss can be controlled over 

time in the same animal, we administered multiple, low doses of 6-OHDA through bilateral 

internal guide cannulas implanted in the MFB (Fig. 1A). Bilateral cannulas cut to target the 

MFB at ± 1.1 mm medial/lateral and −5.0 mm ventral were implanted 0.45 mm posterior to 

bregma. Targeting was confirmed post-hoc by analyzing Nissl-stained sections of tissue. 

Summaries of paired cannula locations within the MFB are shown in Figure 1B.

To determine an optimal concentration of 6-OHDA to use for our paradigm, we first tested 

the acute effects of different concentrations on striatal dopamine levels, assessed with 

immunostaining for tyrosine hydroxylase (TH) (Table 1). We chose to use a dose of 0.75 µg 

because this reduced striatal dopamine by ~20% (TH-IR loss = 21.3 ± 7.5 %, n = 8) and 

should therefore permit 4–5 injections to be administered before reaching full dopamine 

depletion. For the majority of experiments, injections were administered once every three 

days, but in Figure 6 we will show that the time in between doses can be increased to deplete 

dopamine over an even longer period.

Over the course of our protocol, a subset of animals were sacrificed after each injection to 

analyze dopamine levels within the striatum. Dopamine levels within the dorsal striatum 

were quantified with two distinct methods: TH immunostaining to estimate the degree of 

dopaminergic innervation, and high performance liquid chromatography (HPLC) to measure 

levels of dopamine neurotransmitter. Histological analysis of TH immunostaining revealed 

that repeated injections of 0.75 µg resulted in a gradual and linear depletion (r2 = 0.857, p < 

0.0001) of dopamine levels within the striatum over the course of 5 injections, spanning 15 

days (KW pairwise, p < 0.005 from saline) (Fig. 1C–D). By the fifth injection, the degree of 

dopamine depletion was similar to that observed with the traditional acute method (5 µg, 1 

injection). Both the gradual and acute paradigms resulted in a more pronounced loss of 

dopamine in the dorsal striatum compared to the ventral striatum (Fig. 1E–F). Although 
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dopamine levels declined somewhat in the accumbens over the course of our depletions, this 

was significantly less than the dopamine loss observed in the dorsal striatum (Student’s t-

test, D. Str. = 16.9 ± 2.5 %, n = 20; V. Str. = 52.8 ± 8.8 %, n = 13, p = 0.002).

TH immunoreactivity often correlates tightly with dopamine levels, but this relationship 

may break down under dopamine depleted conditions (Zigmond, Acheson et al. 1984), so 

dopamine levels were also measured directly with HPLC. HPLC analysis of dorsal striatum 

confirmed that levels of dopamine neurotransmitter were also gradually and linearly 

depleted (r2 = 0.819, p < 0.0001), in strong accordance with our measurements of TH 

immunofluorescence (KW pairwise, p < 0.005 from saline) (Fig. 1G). Combined, these 

results show that repeated injections of 0.75 µg of 6-OHDA into the MFB gradually depletes 

dopamine to the same endpoint achieved with the traditional 5 µg acute model, although 

over a much longer time course.

Effects Of Gradual Depletion On Dopamine Metabolites And Monoamines

To test whether our gradual depletion paradigm produced any compensatory changes in 

dopamine metabolism, we used HPLC to measure levels of additional compounds in the 

tissue. Levels of the dopamine metabolites homovanillic acid (HVA), 3,4-

Dihydroxyphenylacetic acid (DOPAC), and 3-methoxytyramine (3-MT) all showed 

similarly linear declines (HVA: r2 = 0.762, p < 0.0001; DOPAC: r2 = 0.776, p < 0.0001; 3-

MT: r2 = 0.602, p < 0.0001) to that of dopamine during our gradual depletion paradigm, but 

did not reach quite the same end stage values as seen during acute depletion (Fig. 2A). This 

suggests there may be a compensatory mechanism to slow dopamine metabolism that is 

engaged by gradual dopamine depletion, but this mechanism is not sufficient to boost 

dopamine levels by a significant amount (see Fig. 1G).

Because 6-OHDA can also kill noradrenergic neurons, a population of neurons that is also 

depleted in PD (Rommelfanger and Weinshenker 2007), we used HPLC to measure 

norepinephrine (NE) levels in the striatum. NE levels dropped by 40% (NE loss = 40.2 ± 9.1 

%, n = 7, ANOVA with Dunnett t, p = 0.04 from saline) after the first injection, but then 

remained constant across subsequent injections, ending at the same level of depletion as 

seen in acutely depleted mice (Gradual NE = 52.4 ± 8.7 %, n = 9 vs. Acute NE = 41.1 ± 6.7 

%, n = 8) (Fig. 2B). Finally, we examined levels of serotonin in our tissue. Although 

serotonin neurons are not directly affected by 6-OHDA, there have been conflicting reports 

about changes in serotonin levels in the dorsal striatum following dopamine depletion 

(Breese, Baumeister et al. 1984, Commins, Shaughnessy et al. 1989, Karstaedt, Kerasidis et 

al. 1994, Frechilla, Cobreros et al. 2001, Balcioglu, Zhang et al. 2003, Carta, Lindgren et al. 

2006, Rylander, Parent et al. 2010) and this has been hypothesized to play a role in L-dopa 

induced dyskinesias (Nagatsua and Sawadab 2009, Rylander, Parent et al. 2010). 

Interestingly, serotonin levels remained constant until ~60% of dopamine had been lost, then 

suddenly increased by 10–20% (ANOVA with Dunnett t, p < 0.05 from saline). The 

magnitude of serotonin increase was similar in both gradually and acutely depleted animals 

(Fig. 2C). These results suggest that monoamine levels are altered to the same extent in both 

gradually and acutely depleted animals, however, the trajectories of their changes differed 

compared to those for dopamine.
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Open Field Locomotor Deficits Develop Suddenly During Gradual Depletions

The behavioral effects of our gradual dopamine depletion paradigm were first assessed by 

examining spontaneous locomotion in an open field arena (Ferro, Bellissimo et al. 2005, 

Kreitzer and Malenka 2007, Simola, Morelli et al. 2007, Kravitz, Freeze et al. 2010). Mice 

were placed in a clear walled, circular arena and allowed to habituate for 10 minutes. After 

the habituation period, their spontaneous behavior was monitored for an additional 10 

minutes with overhead and side-mounted video cameras (Fig. 3A). For all of the behavioral 

tasks, our questions were two-fold: At what stage of dopamine loss would behavioral 

impairments first become apparent, and, would end-stage motor deficits differ between 

gradually and acutely depleted mice?

Using EthoVision behavioral tracking software (Noldus), we quantified movement 

parameters such as total distance traveled, average velocity, and time spent immobile (Fig. 

3B–G). We measured parameters that would capture both mobility and immobility because 

these different aspects of motor function are believed to be controlled by distinct pathways 

within the basal ganglia and may be differentially affected by dopamine depletion (Albin, 

Young et al. 1989, DeLong 1990, Graybiel, Aosaki et al. 1994, Schwarting and Huston 

1996, Schwarting and Huston 1996, Day, Wang et al. 2006, Mallet, Ballion et al. 2006, 

Galvan and Wichmann 2007, Kreitzer and Malenka 2007, Gittis, Hang et al. 2011). 

Gradually depleted mice were grouped into five groups, based on percent dopamine 

remaining (89.8 ± 2.4%, n = 10; 73.9 ± 1.8%, n = 9; 51.8 ± 1.3%, n = 22; 30.1 ± 1.4%, n = 

21; 14.1 ± 1.7 %, n = 12). Dopamine levels decreased linearly with increasing number of 

injections of 0.75 µg 6-OHDA received (r2 = 0.594, p<0.0005). Saline-injected mice moved 

an average of 2756 ± 63 cm (n = 28) in 10 minutes. At early stages of gradual dopamine 

depletion (<20%), locomotion was actually increased (3381 ± 132 cm, n = 10, KW pairwise, 

p = 0.006 from saline) (Fig. 3B). As our gradual depletion paradigm progressed, mice 

continued to show robust movement around the arena until dopamine levels had dropped by 

~70%, after which distance traveled sharply declined. At end-stage dopamine levels 

(dopamine loss >80%), locomotion had decreased by about 2-fold compared to saline and 

was similarly impaired in both gradually and acutely depleted mice (Gradual = 1323 ± 29 

cm, n=12; Acute = 1534 ± 324 cm, n=14, KW pairwise, p = 1) (Fig. 3C).

Average velocity during the 10-minute period followed a similar pattern. The average 

velocity of saline-treated mice was 4.6 ± 0.1 cm/s and increased slightly after the initial 

injection, before declining sharply once dopamine loss exceeded ~70% (Fig. 3D). At end-

stage dopamine levels, both gradually and acutely depleted animals showed a similar 2-fold 

decrease in velocity compared to saline control animals (Gradual = 2.2 ± 0.4 cm/s; Acute = 

2.5 ± 0.5 cm/s, KW pairwise, p = 1) (Fig. 3E). Finally, we also observed that mice spent 

relatively little time during this task immobile, until gradual depletions reached ~70%, after 

which immobility increased significantly (KW pairwise, p < 0.05 from saline) (Fig. 3F). 

Immobility was defined such that any movement of the head, limbs, or tail did not count 

towards time spent immobile. By the time dopamine depletions were >80%, gradually 

depleted mice spent 18.7 ± 8.0% of their time immobile, similar to the 16.1 ± 5.6% of time 

acutely depleted mice were immobile (KW pairwise, p = 1) (Fig. 3G). These results suggest 

that both mobile and immobile aspects of general locomotion remain intact until >70% 
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dopamine is lost. Furthermore, animals that have lost >80% of their dopamine, either 

through gradual or the acute depletion paradigms, show the same degree of locomotor 

deficits on this task.

Rearing Deficits Progress Gradually As Dopamine Is Depleted

Although movement in the open field can detect general deficits in locomotion, this task is 

very broad and does not reveal deficits to any particular system. In contrast, vertical 

movement, assessed with rearing tasks, has been suggested to correlate strongly with 

dorsolateral striatal function (Jicha and Salamone 1991, Drago, Gerfen et al. 1994, 

Schwarting, Sedelis et al. 1999). To assess how rearing behavior changed over the course of 

our gradual dopamine depletion, mice were placed in a 1000 mL beaker for 10 minutes, and 

the number of rears were counted over this period (Fig. 4A).

The number of rears in gradually depleted mice decreased linearly (r2 = 0.314, p < 0.0001) 

with decreasing levels of dopamine (Fig. 4B). At end-stage dopamine levels (depletion 

>80%), acute and gradually depleted mice showed similar reductions in rearing frequency 

compared to saline controls that had been tested a similar number of times (Saline = 52.9 ± 

2.8, n = 24; Gradual = 13.8 ± 5.7, n = 10; Acute = 12.8 ± 5.9, n = 13, KW pairwise, saline 

vs. gradual and acute, p < 0.006, gradual vs. acute, p = 1) (Fig. 4C).

Motor Coordination is Differentially Affected In Gradually vs. Acutely Depleted Mice

Both open field and rearing tasks assess different aspects of spontaneous gross motor 

function in mice, but neither provides a measurement of fine movement or coordination, 

behaviors which detect early motor deficits in some mouse models of disease (Ogawa, 

Hirose et al. 1985, Matsuura, Kabuto et al. 1997, Sedelis, Schwarting et al. 2001, Fernagut, 

Chalon et al. 2003, Fleming, Salcedo et al. 2004). To assess fine motor coordination in 

gradually depleted mice, animals were subjected to a pole task. While less commonly 

utilized than open field and rearing, the pole task is a well-established technique used to 

assess motor skills in many animal models of diseases that result in motor dysfunction 

(Matsuura, Kabuto et al. 1997, Hickey, Kosmalska et al. 2008, Credle, George et al. 2014). 

The task involves placing an animal face upward on a tall vertical pole with small diameter 

(1 cm) and measuring the time it takes for the animal to turn facing downward (Turn down 

latency = TDL), the time from turning downward to finish traversing the pole (Traverse), 

and the total time spent on the pole (Total) (Fig. 5A).

Intriguingly, although acutely depleted mice were severely impaired on this task, gradually 

depleted mice maintained a level of performance similar to that of saline controls (KW 

pairwise, p > 0.12 from saline) (Fig. 5B). The total time gradually depleted animals spent on 

the pole increased slightly with decreasing levels of striatal dopamine, but even at end-stage 

dopamine levels, gradually depleted mice significantly outperformed acutely depleted mice 

(KW pairwise, p = 0.00495), and their time spent on the pole was not significantly different 

from that of saline controls (KW pairwise, p = 0.102) (Saline = 23.0 ± 2.0, n = 26; Gradual 

=46.3 ± 10.7, n = 11; Acute = 107.4 ± 5.7, n = 15) (Fig. 5C).
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To differentiate between the two different components of this task: orienting downward after 

being placed at the top of the pole, and descending to the bottom, we separately analyzed the 

time needed to complete these two phases of the task. Turn down latency of gradually 

depleted mice remained similar to that of saline controls throughout dopamine depletion 

(KW pairwise, p > 0.318 from saline) (Fig. 5D–E). In contrast, acutely depleted mice 

displayed a significantly increased turn down latency (Saline = 11.0 ± 1.7; Gradual =18.4 ± 

6.5; Acute = 96.3 ± 9.4; KW pairwise, p < 0.005 from saline and gradual). In many cases, 

acutely depleted animals either could not turn downward on their own, or it took them over 

half of the total time allotted for the task. Gradually depleted mice showed a significant 

impairment on this task during the traverse phase, where the amount of time it took them to 

walk to the bottom was significantly greater than that of saline controls (KW pairwise, p = 

0.012), but still much faster than that of acutely depleted mice (KW pairwise, p = 0.0012) 

(Saline = 12.3 ± 0.7; Gradual =32.4 ± 9.6; Acute = 88.7 ± 9.6) (Fig. 5F–G). In many cases, 

acutely depleted animals either fell from the pole, unable to complete the task, or circled 

around the pole many times as they descended, resulting in traversal times over half of the 

allotted time for the task. Gradually depleted animals also circled around the pole as they 

descended; however they were still significantly faster than acutely depleted animals.

These results suggest that certain aspects of an animal’s behavior may adapt differently 

when dopamine is depleted gradually rather than acutely. Gradually depleted animals show 

little or no deficits on the pole task, whereas acutely depleted animals show severe deficits 

on the same task.

Time Course of Gradual Depletions Can Be Varied And Extended

The gradual paradigm used for this study involved injections every three days for a total of 

15 days. This is five times longer than the traditional acute depletion, however this is still a 

relatively short time span compared to the slow progression of PD in humans. Therefore, we 

wanted to determine whether dopamine could be fully depleted using a longer time course. 

We therefore spaced our injections of 0.75 µg 6-OHDA every seven days, instead of every 

three days, for a total of 35 days. Subsets of animals were sacrificed after three injections 

and five injections to analyze TH levels in the dorsal striatum (Fig. 6A). In contrast to our 

findings with injections every three days, five injections spaced every seven days was not 

sufficient to fully deplete dopamine from the striatum (Fig. 6A). However, increasing the 

number of injections to seven, for a total of 49 days, resulted in full striatal dopamine 

depletion (KW pairwise, p < 0.0001 from saline) (Fig. 6B).

At end-stage dopamine depletions (>80%), spontaneous locomotion of seven-day gradually 

depleted mice in the open field was compared to that of three-day gradually depleted and 

acutely depleted mice (Fig. 6C). Distance traveled and velocity were decreased in seven-day 

depleted animals compared to saline (KW pairwise, p = 0.018 from saline), to a similar 

extent as that seen in three-day gradual and acutely depleted mice (KW pairwise, p < 0.002 

from saline, p = 1 from 7day) (Fig. 6D–E). Although immobility tended to increase in 

seven-day depleted mice compared to saline, this increase was not as dramatic as that seen 

with the acute and three-day gradual paradigm (KW pairwise, p = 0.24 from saline), 

suggesting there may be additional compensatory mechanisms engaged during the longer 
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seven-day depletion paradigm resulting in a smaller reduction in mobility (Saline = 1.1 ± 0.1 

%, n = 40; Gradual(7day) = 4.1 ± 2.1 %, n = 4; Gradual(3day) = 18.6 ± 8.0 %, n =12; Acute 

= 16.1 ± 5.5 %, n = 14) (Fig. 6F–G). Percentage of time spent performing fine movements 

was also analyzed, however there were no differences between mice that underwent the 

seven-day paradigm, three-day paradigm, or acute paradigm (data not shown).

Discussion

Using a progressive model of dopamine depletion, we show that the time course of 

dopamine loss can impact the severity of motor symptoms. Furthermore, progressive 

dopamine loss reveals dissociable rates of behavioral impairment for different types of 

motor tasks (Fig. 7A–B). Spontaneous locomotion in the open field remained normal until 

rapidly declining with depletions >70%; rearing behavior declined steadily as a function of 

decreasing dopamine levels; and performance on the pole task remained robust in gradually 

depleted mice, despite severe deficits on this task in acutely depleted mice. Taken together, 

these data suggest that our gradual depletion paradigm provides an experimental platform to 

study circuit changes during early dopamine loss, including mechanisms of compensatory 

plasticity that may be precluded in traditional acute models.

A major challenge in treating PD is that the hallmark motor symptoms of the disease 

typically do not present until the majority of dopamine (>70%) has been depleted from the 

system (Bernheimer, Birkmayer et al. 1973, Riederer and Wuketich 1976, Deumens, 

Blokland et al. 2002, Fahn 2003, Olanow and Obeso 2012). Therefore, by the time of 

diagnosis, physiological progression of the disease may have already reached a point where 

it cannot be reversed (Bezard and Gross 1998, Bezard, Gross et al. 2003, Schapira and 

Tolosa 2010). This early phase of the disease, when dopamine levels have started to decline 

but overt motor symptoms have not yet presented, is called the prodromal phase, and is 

likely an ideal window in which to begin therapy (Bezard, Gross et al. 2003, Tolosa, Gaig et 

al. 2009). However, our understanding of the physiological changes occurring during 

prodromal PD are sparse, and there is no clear understanding of when and where to best 

intervene during this period to maximize therapeutic outcome.

This knowledge gap is exacerbated by the fact that most mouse models of PD are not 

suitable for study of the prodromal phase because they rely on administration of an acute 

dose of 6-OHDA, or other neurotoxins, to produce a certain degree of depletion 

(Przedborski, Levivier et al. 1995, Schwarting and Huston 1996, Schwarting and Huston 

1996, Kirik, Rosenblad et al. 1998, Ferro, Bellissimo et al. 2005, Truong, Allbutt et al. 2006, 

Meredith, Sonsalla et al. 2008). Although the acute 6-OHDA model has unveiled many 

differences in the brain following full dopamine depletion (Jeon, Jackson-Lewis et al. 1995, 

Schwarting and Huston 1996, Schober 2004, Iancu, Mohapel et al. 2005, Day, Wang et al. 

2006, Mallet, Ballion et al. 2006, Kreitzer and Malenka 2007, Taverna, Ilijic et al. 2008, 

Kravitz, Freeze et al. 2010, Gittis, Hang et al. 2011), this technique fails to capture what is 

happening to the behavior of an animal as dopamine is gradually and consistently depleted 

within the same system, similar to the pathology of human PD (Bernheimer, Birkmayer et 

al. 1973, Savitt, Dawson et al. 2006, Meredith, Sonsalla et al. 2008, Potashkin, Blume et al. 

2010). One promising progressive model involves AAV-induced overexpression of α-
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synuclein. This model results in considerable loss of dopamine, as well as gradual motor 

impairments and proteinaceous inclusions (Decressac, Mattsson et al. 2012, Decressac, 

Mattsson et al. 2012, Lundblad, Decressac et al. 2012). These vector injections may shed 

more light on the role of α-synuclein inclusions in the degeneration of dopamine and 

appearance of motor deficits, however optimization and characterization of this model is still 

ongoing (see (Lindgren, Lelos et al. 2012).

By administering repeated, low doses of 6-OHDA to the MFB, we were able to linearly 

deplete dopamine levels over a user-defined time course of 15–49 days, based on the 

spacing of injections. Using this approach, we induced behavioral deficits at end-stages of 

dopamine depletion (>80%), that were comparable to that of acutely depleted mice in both 

locomotor open field and rearing tasks. The only difference we observed between gradually 

and acutely depleted mice on these tasks was that mice who had been gradually depleted 

over 49 days showed less immobility in the open field, largely because they spent more of 

their time moving, which was more similar to the behavioral patterns observed in saline-

treated mice. The fact that we observed a greater difference in immobility than mobility, 

suggests that there may be different degrees of compensatory plasticity within separate 

pathways of the basal ganglia that differentially control these distinct aspects of movement 

(Smith, Bevan et al. 1998, DeLong and Wichmann 2007, Kravitz, Freeze et al. 2010, Gerfen 

and Surmeier 2011). The lack of immobility in seven-day depleted mice compared to three-

day depleted mice may indicate compensatory mechanisms that are engaged over weeks 

rather than days.

Through assessment of exploratory rearing, we found that impairments in this behavior 

appear even at early stages of dopamine loss, and continue to progress as a direct function of 

dopamine levels. This linear decrease in rearing has been noted in previous studies using 

genetic or graded toxin models (Fleming, Salcedo et al. 2004, Goldberg, Haack et al. 2011). 

This behavior relies heavily on dorsolateral striatal function and therefore suggests that 

dorsolateral striatum is being progressively impaired over the course of our depletion 

protocol. The dorsolateral striatum is thought to be the source for many motor symptoms of 

PD – because it is the nucleus most directly affected by the loss of dopaminergic neurons in 

the SNc – and is critically involved in motor behaviors (Albin, Young et al. 1989, DeLong 

1990, Bolam, Hanley et al. 2000). The different trajectories of behavioral impairments on 

the open field vs. rearing tasks could be due to a number of reasons. While rearing appears 

to be most directly related to decreasing levels of striatal dopamine, mobility in the open 

field may be temporarily preserved due to compensation or adaptation in the dopamine 

system (Zigmond, Acheson et al. 1984, Zigmond and Hastings 1998, Zigmond, Hastings et 

al. 2002), altered activity of nuclei within the basal ganglia (Maneuf, Mitchell et al. 1994, 

Bezard, Boraud et al. 1997, Bezard, Boraud et al. 1999, Qiu, Chen et al. 2014), or 

compensation outside of the basal ganglia (Brooks 1999, Bezard, Gross et al. 2003, Brotchie 

and Fitzer-Attas 2009, Schroll, Vitay et al. 2014).

An intriguing discovery of our study is that performance on the pole task, which relies on 

fine motor control and coordination, was dramatically different in severely dopamine 

depleted animals (>80%), depending on whether mice were gradually or acutely depleted. 

Previous studies using other models of dopamine depletion have shown severe deficits in 
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performing this task (Ogawa, Hirose et al. 1985, Matsuura, Kabuto et al. 1997, Fleming, 

Salcedo et al. 2004, Fleming, Salcedo et al. 2006). Consistent with these previous studies, 

acutely depleted animals either could not perform the task, or took longer than half the 

allotted time for the task. In contrast, gradually depleted animals showed almost no deficits 

when compared to saline controls. This suggests that the improved performance on the pole 

task is due specifically to the time course of dopamine depletion. These results lend further 

support to the notion that the brain compensates or adapts differently to decreased levels of 

dopamine when dopamine loss occurs gradually over weeks instead of acutely over days. 

While the pole task may not be a good test of basal ganglia function, another possibility is 

that performance on this task can be regulated by a number of interacting motor systems 

(Thullier, Lalonde et al. 1997, Brooks and Dunnett 2009), some of which can compensate 

when basal ganglia function is impaired. Many studies have shown the cerebellum as well as 

the supplementary motor area (SMA) may contribute to motor coordination and fine motor 

skills and show different activity patterns in human PD patients (Thach, Goodkin et al. 1992, 

Rascol, Sabatini et al. 1997, Debaere, Swinnen et al. 2001, Ramnani, Toni et al. 2001, 

Bezard, Gross et al. 2003, Wu and Hallett 2005, Yu, Sternad et al. 2007, Bostan and Strick 

2010, Wu and Hallett 2013, Rosin, McAllister et al. 2014). These outside brain areas may be 

recruited only when dopamine is gradually depleted from the system and could account for 

the differences seen on the pole task. This difference in pole task performance highlights the 

importance of developing and analyzing models where dopamine is depleted gradually 

within the same animal in a manner that is more consistent with PD pathology.

Although toxin models do not replicate all symptoms of human PD, most notably Lewy 

body inclusions, they are critical tools for gaining better mechanistic insights into circuit 

changes underlying the motor symptoms of the disease. In particular, toxin models are 

useful for studies directed at cell-specific mechanisms of circuit dysfunction, especially in 

mice where genetic labeling and manipulation of cells and circuits is unparalleled compared 

to any other mammalian system. By developing toxin paradigms that better replicate the 

chronic dopamine loss seen in human PD, we can gain a better understanding of how the 

temporal progression of dopamine loss alters neural circuits and ultimately motor function. 

A thorough understanding of how neural circuits adapt to decreasing levels of dopamine 

could lead to more effective therapies targeted at restoring circuit function in addition to 

restoration of dopamine levels.

In summary, we have shown that 6-OHDA can be utilized to gradually deplete dopamine 

within the same animal over time. This model has allowed us to uncover differential 

trajectories of motor degradation due to gradual dopamine depletion. Furthermore, this 

gradual model does not show the same extent of motor deficits seen in traditional acute 

models of dopamine depletion, suggesting that compensation may have a bigger impact on 

behavior when dopamine is gradually reduced within the same animal over time. This 

gradual depletion model can be manipulated to further uncover important aspects of how the 

brain adapts during the prodromal phase of PD and may lead to better methods of 

diagnosing and treating this neurodegenerative disease.
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Highlights

• Development of an experimental platform for prodromal PD using gradual, 

bilateral dopamine depletion with 6-OHDA

• Progressive dopamine loss reveals dissociable rates of behavioral impairment 

for different types of motor tasks

• Rearing declines linearly with dopamine depletion

• Open field locomotion remains robust until striatal dopamine levels decrease by 

>70%

• Pole task performance remains intact, suggesting compensation during the slow 

depletion paradigm.
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Figure 1. 
Gradual depletion paradigm linearly reduces dopamine over time. A, Schematic of sagittal 

section of mouse brain showing the position of the infusion cannula in the MFB. Str = 

striatum, Thal = thalamus, MFB = medial forebrain bundle, SNc = substantia nigra pars 

compacta. B, Cannulae placements in the MFB, confirmed postmortem. Left and right 

MFBs from coronal sections spanning the cannulae placements are shown, and Bregma 

coordinates are notated. Representative bilateral cannulae placements from three 

representative mice are indicated with triangles, squares, and inverted triangles. C, 
Representative images of TH immunofluorescence (TH-IR), taken from the dorsal striatum 

of mice treated with saline, two doses of 0.75 µg 6-OHDA, or five doses of 0.75 µg 6-

OHDA. D, Quantification of TH-IR in the dorsal striatum, normalized to saline controls, 

following repeated injections of 0.75 µg or a single injection of 5 µg 6-OHDA. Values are 

expressed as percentage of dopamine remaining. Throughout figure, error bars are SEM. 

KW, χ2(6) = 106.218, p < 0.0001, pairwise, **p < 0.005 from saline. E, Quantification of 

TH-IR in the ventral striatum, normalized to saline controls, following repeated injections of 

0.75 µg or a single injection of 5 µg 6-OHDA. Values are expressed as percentage of 

dopamine remaining. KW, χ2(6) = 51.744, p < 0.0001, pairwise, **p < 0.005 from saline. F, 
Quantification of TH-IR in the dorsal and ventral striatum following the 5th injection of 0.75 

µg of 6-OHDA. Data from each mouse, as well as population averages are shown. Student’s 
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t-test, t = −3.896, **p = 0.002. G, Quantification of HPLC detected levels of dopamine in 

the dorsal straitum, normalized to saline controls, following repeated injections of 0.75 µg or 

a single injection of 5 µg 6-OHDA. Values are expressed as percentage of dopamine 

remaining. Fit line from the graph of TH-IR levels is overlaid for comparison. KW, χ2(6) = 

69.554, p < 0.0001, pairwise, **p < 0.005 from saline.
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Figure 2. 
Levels of dopamine metabolites and other monoamines measured with HPLC during gradual 

dopamine depletion paradigm. A, Quantification of HPLC detected levels of the dopamine 

metabolites homovanillic acid (HVA), 3,4-Dihydroxyphenylacetic acid (DOPAC), and 3-

methoxytyramine (3-MT). Tissue samples were taken from the dorsal striatum of mice who 

received repeated injections of 0.75 µg 6-OHDA or a single injection of 5 µg of 6-OHDA. 

Values are normalized to saline controls for each time point. Throughout figure, error bars 

are SEM. Fit line from the graph of HPLC dopamine levels is overlaid for comparison. 

ANOVA, HVA: F[6,73] = 51.085; DOPAC: F[6,73] = 55.560; 3-MT: F[6,73] = 34.572, all 

p < 0.0001, Dunnett T3, *p < 0.05 from saline; **p < 0.005 from saline. B, Quantification of 

HPLC detected levels of norepinephrine in the dorsal striatum at all time points of the 

gradual depletion paradigm and in acutely depleted mice. Values are normalized to saline 

controls. ANOVA, F[6,73] = 9.709, p < 0.0001, Dunnett t, *p < 0.05 from saline; **p < 

0.005 from saline. C, Quantification of HPLC detected levels of serotonin in the dorsal 

striatum at all time points of the gradual depletion paradigm and in acutely depleted mice. 

Values are normalized to saline controls. ANOVA, F[6,73] = 4.083, p = 0.01, Dunnett t, *p 

< 0.05 from saline; **p < 0.005 from saline. Serotonin levels in the dorsal striatum from 

each mouse, normalized to saline controls, plotted as a function of striatal dopamine levels.
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Figure 3. 
Effects of gradual dopamine depletion on spontaneous locomotion in an open field. A, 
Example plot tracks from a saline control mouse, a gradually depleted mouse that has 

received 5 injections of 0.75 µg 6-OHDA, and an acutely depleted mouse that has received 1 

injection of 5 µg 6-OHDA. B, Total distance traveled over 10 minutes in saline control 

animals, gradually depleted animals, and acutely depleted animals. Throughout the figure, 

error bars are SEM. KW, χ2(6) = 49.674, p < 0.0001, pairwise, *p = 0.012 from saline; **p 

< 0.005 from saline. C, Total distance traveled by saline control animals compared to 
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gradually and acutely depleted mice with 0–20% dorsal striatal dopamine remaining. KW, 

χ2(2) = 31.091, p < 0.0001, pairwise, **p < 0.005. D, Average velocity of saline control 

animals, gradually depleted animals, and acutely depleted animals. KW, χ2(6) = 49.642, p < 

0.0001, pairwise, *p = 0.012 from saline; **p < 0.005 from saline. E, Average velocity of 

saline control animals compared to gradually and acutely depleted mice with 0–20% striatal 

dopamine remaining. KW, χ2(2) = 31.141, p < 0.0001, pairwise, **p < 0.005. F, Percentage 

of time spent immobile by saline control animals, gradually depleted animals, and acutely 

depleted animals. KW, χ2(6) = 40.429, p < 0.0001, pairwise, *p < 0.05 from saline; **p < 

0.005 from saline. G, Percentage of time spent immobile in saline control animals compared 

to gradually and acutely depleted animals with 0–20% striatal dopamine remaining. KW, 

χ2(2) = 31.679, p < 0.0001, pairwise, **p < 0.005.
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Figure 4. 
Effects of gradual dopamine depletion on rearing behavior. A, Example of a full extension 

rear. B, Average number of rears of saline control animals, gradually depleted animals 

across all dopamine levels, and acutely depleted animals during 10 minutes in beaker. 

Throughout the figure, error bars are SEM. KW, χ2(6) = 42.623, p < 0.0001, pairwise, **p < 

0.005 from saline. C, Average number of rears of saline control animals, gradually depleted 

animals with 0–20% dorsal striatal dopamine, and acutely depleted animals with 0–20% 

dorsal striatal dopamine. KW, χ2(2) = 23.977, p < 0.0001, pairwise, **p < 0.005. Figure 5. 

Effects of gradual dopamine depletion on motor coordination assessed with a vertical pole 

task. A, Image of mouse descending pole and schematic of timed parameters of pole task. B, 
Average time needed to complete the entire task for saline control animals, gradually 

depleted animals, and acutely depleted animals. Throughout the figure, error bars are SEM. 

KW, χ2(6) = 52.592, p < 0.0001, pairwise, **p < 0.005 from saline. C, Average total time of 

saline control animals compared to gradually and acutely depleted animals with 0–20% 

striatal dopamine remaining. KW, χ2(2) = 39.537, p < 0.0001, pairwise, *p < 0.05. D, 
Average turn down latency (TDL) of saline control animals, gradually depleted animals, and 

acutely depleted animals. KW, χ2(6) = 37.667, p < 0.0001, pairwise, **p < 0.005 from 

saline. E, Average TDL of saline control animals compared to gradually and acutely 

depleted animals with 0–20% dorsal striatal dopamine, and acutely depleted animals with 0–

20% striatal dopamine remaining. KW, χ2 (2) = 29.908, p < 0.0001, pairwise, **p < 0.005. 

F, Average traversal time of saline control animals, gradually depleted animals, and acutely 

depleted animals. KW, χ2(6) = 58.834, p < 0.0001, pairwise, *p < 0.05 from saline; **p < 

0.005 from saline. G, Average traversal time of saline control animals compared to 

gradually and acutely depleted animals with 0–20% striatal dopamine remaining. KW, 

χ2(2)= 43.068, p < 0.0001, pairwise, *p < 0.05.
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Figure 5. 
Effects of gradual dopamine depletion on motor coordination assessed with a vertical pole 

task. A, Image of mouse descending pole and schematic of timed parameters of pole task. B, 
Average time needed to complete the entire task for saline control animals, gradually 

depleted animals, and acutely depleted animals. Throughout the figure, error bars are SEM. 

KW, χ2(6) = 52.592, p < 0.0001, pairwise, **p < 0.005 from saline. C, Average total time of 

saline control animals compared to gradually and acutely depleted animals with 0–20% 

striatal dopamine remaining. KW, χ2(2) = 39.537, p < 0.0001, pairwise, *p < 0.05. D, 
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Average turn down latency (TDL) of saline control animals, gradually depleted animals, and 

acutely depleted animals. KW, χ2(6) = 37.667, p < 0.0001, pairwise, **p < 0.005 from 

saline. E, Average TDL of saline control animals compared to gradually and acutely 

depleted animals with 0–20% dorsal striatal dopamine, and acutely depleted animals with 0–

20% striatal dopamine remaining. KW, χ2 (2) = 29.908, p < 0.0001, pairwise, **p < 0.005. 

F, Average traversal time of saline control animals, gradually depleted animals, and acutely 

depleted animals. KW, χ2(6) = 58.834, p < 0.0001, pairwise, *p < 0.05 from saline; **p < 

0.005 from saline. G, Average traversal time of saline control animals compared to 

gradually and acutely depleted animals with 0–20% striatal dopamine remaining. KW, 

χ2(2)= 43.068, p < 0.0001, pairwise, *p < 0.05.
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Figure 6. 
Time course of gradual depletions can be varied and extended over a month. A, 
Quantification of TH-IR in the dorsal striatum normalized to saline controls following 

repeated injections of 0.75 µg 6-OHDA, administered every seven days, every three days, or 

a single injection of 5 µg of 6-OHDA. Values are normalized to saline controls and 

expressed as percentage of dopamine remaining. Throughout the figure, error bars are SEM. 

B, Quantification of TH-IR in the dorsal striatum, normalized to saline controls, following 

the last injection of the gradual seven-day, gradual three-day, and acute paradigms. KW, 
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χ2(3) = 110.653, p < 0.0001, pairwise, **p < 0.005. C, Example plot tracks from a gradually 

depleted mouse that has received seven injections of 0.75 µg 6-OHDA every seven days, a 

gradually depleted mouse that has received five injections of 0.75 µg every three days, and 

an acutely depleted mouse that has received one injection of 5 µg. D, Total distance traveled 

during 10 minutes in the open field arena by saline control animals compared to mice with 

0-20% dopamine remaining that were depleted with the seven-day gradual, three-day 

gradual, or acute dopamine depletion paradigms. KW, χ2(3) = 36.831, p < 0.0001, pairwise, 

*p < 0.05. E, Average velocity of saline control animals compared to animals with 0-20% 

dopamine that were depleted with the seven-day gradual, three-day gradual, or acute 

dopamine depletion paradigms. KW, χ2(3) = 36.881, p < 0.0001, pairwise, *p < 0.05. F, 
Percentage of time spent mobile in saline control animals and animals with 0-20% dopamine 

that received 0.75 µg every 7 days, 0.75 µg every 3 days, or a single injection of 5 µg of 6-

OHDA during open field. KW, χ2(3)= 40.548, p < 0.0001, pairwise, **p < 0.005. G, 
Percentage of time spent immobile in saline control animals and animals with 0–20% 

dopamine that received 0.75 µg every 7 days, 0.75 µg every 3 days, or a single injection of 5 

µg of 6-OHDA during open field. KW, χ2(3)= 34.129, p < 0.0001, pairwise, **p < 0.005.
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Figure 7. 
Differential progression motor deficits in gradually depleted mice. A, Normalized behavior 

of gradually depleted animals plotted as a function of striatal dopamine levels. Percentage of 

time spent mobile normalized to saline controls is plotted as a representative of open field 

activity, total number of rears normalized to saline controls is plotted for rearing, and turn 

down latency normalized to saline controls is plotted as a representative of pole task 

performance. B, Schematic showing the differential degradation of behavior of animals 

whose dopamine was gradually depleted.
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Table 1

Quantification of TH immunoreactivity (TH-IR) and high performance liquid chromatography (HPLC) 

detected levels of dopamine in the striatum normalized to saline controls following an injection of 0.5, 0.75, 1, 

and 5 µg of 6-OHDA. Values are expressed as average percentage of dopamine remaining ± standard 

deviation.

Dose of 6-OHDA % TH-IR Remaining
(avg ± std dev)

% DA-HPLC Remaining (avg ±
std dev)

0.5 µg 88.14 ± 19.57 90.64 ± 12.11

0.75 µg 78.70 ± 21.18 71.20 ± 20.37

1 µg 54.15 ± 23.44 43.46 ± 26.06

5 µg 15.80 ± 12.99 13.70 ± 13.90
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