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Abstract

Advanced age is the primary risk factor for Parkinson disease (PD). In PD patients and rodent 

models of PD, advanced age is associated with inferior symptomatic benefit following intrastriatal 

grafting of embryonic dopamine (DA) neurons, a pattern believed to result from decreased 

survival and reinnervation provided by grafted neurons in the aged host. To help understand the 

capacity of the aged, parkinsonian striatum to be remodeled with new DA terminals, we used a 

grafting model and examined whether increasing the number of grafted DA neurons in aged rats 

would translate to enhanced behavioral recovery. Young (3 mo), middle-aged (15 mo), and aged 

(22 mo) parkinsonian rats were grafted with proportionately increasing numbers of embryonic 

ventral mesencephalic (VM) cells to evaluate whether the limitations of the graft environment in 

subjects of advancing age can be offset by increased numbers of transplanted neurons. Despite 

robust survival of grafted neurons in aged rats, reinnervation of striatal neurons remained inferior 

and amelioration of levodopa-induced dyskinesias (LID) was delayed or absent. This study 

demonstrates that: 1) counter to previous evidence, under certain conditions the aged striatum can 

support robust survival of grafted DA neurons; and 2) unknown factors associated with the aged 
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striatum result in inferior integration of graft and host, and continue to present obstacles to full 

therapeutic efficacy of DA cell-based therapy in this model of aging.
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Introduction

The therapeutic potential of dopamine (DA) neuron grafts in patients with Parkinson’s 

disease (PD) has been variable and remains controversial and incompletely understood. 

Despite a moratorium on clinical grafting in PD over the previous decade, a critical 

reappraisal of preclinical and clinical transplantation data has lead to a limited renewal of 

clinical trials (Barker et al., 2013; ClinicalTrials.gov NCT01898390). This, together with 

continuing interest in stem cell-based replacement strategies (Ambasudhan et al., 2014; 

Buttery & Barker, 2014; Sundberg & Isacson, 2014) and trophic factor-induction of nigral 

DA terminal re-growth (Kordower & Bjorklund, 2013; Hickey & Stacy, 2013), highlights 

the importance of understanding the capacity and limitations of repairing the parkinsonian 

striatum. In addition to implications for clinical application of DA neuron grafting, cell 

transplantation is a valuable approach for interrogating the nature of the environment of the 

aged brain as it permits or discourages integration of new elements intended to facilitate 

restoration and repair. The presence of grafted cells, in effect, reveals characteristics of the 

environment through their attempts to survive, grow, and integrate with the host brain.

While clinical and preclinical data support the idea that DA neuron transplantation into the 

striatum is most effective in younger individuals (Collier et al., 1999; Freed et al., 2001; 

Sortwell et al., 2001) with less severe DA-depletion (Breysse et al., 2007; Piccini et al., 

2005), clinical grafting trials to date have enrolled primarily patients with advanced PD that 

were not benefiting from standard medical therapy (Evans et al., 2012; Kefalopoulou et al., 

2011; Ma et al., 2011). The rationale for choosing this population of patients is valid in that 

these individuals represent the population most in need of alternative therapeutics; 

nevertheless, the impact of factors associated with the environment of the severely DA-

depleted, aged striatum on the overall success of previous cell transplantation trials in PD 

remains incompletely understood.

There have been painstaking efforts both in the clinic and the laboratory to characterize 

optimal donor cells used for cell transplantation therapy in PD, addressing issues including 

the source material for grafted cells, donor cell age, density of cell grafts, immune factors, 

and growth factors (e.g.: Sladek et al., 1998; Collier et al., 1999; Freed et al., 2001; Toledo-

Aral et al., 2003; Terpstra et al., 2007; Soderstrom et al., 2008; Bjorklund & Kordower, 

2013). However, comparatively little has been done to determine the impact of the host 

environment on transplant success, with most of the attention given to defining the optimal 

transplant location (Stromberg et al., 1986; Goren et al., 2005; Breysse et al., 2007). In 

humans (Freed et al., 2001) and in rats (Collier et al., 1999; Breysse et al., 2007) grafting 

into aged parkinsonian subjects is significantly less effective in providing behavioral benefit 
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than grafting in their younger counterparts. It has long been known that the aged brain lacks 

many support factors found in younger brains (Collier et al., 1999; 2005; Ling et al., 2000), 

and is generally considered to be an impoverished or hostile environment for grafted 

embryonic neurons. Many researchers continue to explore methods of increasing survival of 

grafted DA neurons for PD (e.g.: Buchele et al., 2014; Chermenina et al., 2014; Battista et 

al., 2014; Timmer et al., 2014), irrespective of host age. However, the purpose here was to 

determine if cell replacement therapy in the aged parkinsonian rat is equally therapeutic as 

in a younger cohort when the challenge of limited survival of grafted cells is overcome.

Previous data from our laboratories (Collier et al., 19991; Sortwell et al., 20012) has 

indicated that when the same number (i.e.: 200,0001 or 300,0002) of embryonic rat ventral 

mesencephalic (VM) cells are grafted into striatum of parkinsonian rats of varying ages, 

there is a proportional decrease in survival of engrafted DA neurons with increasing host 

age. This reduced survival of grafted DA neurons is associated with diminished 

reinnervation of the striatum, and blunted recovery of asymmetric rotational behavior 

(Collier et al., 1999). In an attempt to achieve an equivalent number of surviving grafted 

neurons across host ages, we extrapolated cell survival data from our previous study (Collier 

et al., 1999) and grafted two-fold or five-fold the number of VM cells into 15- or 22-month-

old parkinsonian rats, respectively, compared to their 3 month-old counterparts. Numbers of 

surviving grafted neurons and their pattern of reinnervation were evaluated. The behavioral 

efficacy of embryonic VM grafts was evaluated using amphetamine-induced rotational 

behavior and amelioration of levodopa-induced dyskinesias (LID). The results from this 

study suggest that even when increased survival of grafted neurons and increased neurite 

outgrowth is achieved for all aging parkinsonian subjects, yet-to-be-identified factors in the 

aged, parkinsonian brain continue to limit the behavioral efficacy of graft integration and 

function. While significant recovery of rotational behavior is achieved, improvements in the 

more complex repertoire of levodopa-induced dyskinetic behaviors are delayed or absent in 

the aged host.

Materials and methods

Animals

Fischer-344 (F344) rats (Harlan, Indianapolis, IN, USA) were housed in groups of three 

with ad libitum access to food and water in their home cages. Three age groups of rats were 

studied: (1) young adult rats (3 months old at time of the lesion, N=8, sham or DA graft), (2) 

middle-aged rats (15 months old at time of the lesion, N=15, sham or DA graft), and, (3) 

aged rats (22 months old at time of the lesion, N=15, sham or DA graft). Rats were 

maintained on a 12 h light: dark cycle with lights on at 0700. All studies were carried out in 

accordance with the Declaration of Helsinki and with the Institute for Laboratory Animal 

Research of the National Academy of Science Guide for the Care and Use of Laboratory 

Animals and were approved by The Institutional Animal Care and Use Committee at 

University of Cincinnati, where the studies were carried out. All efforts were made to 

minimize the number of animals used and to avoid pain or discomfort.
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Experimental design overview

The experimental timeline is shown in Figure 1. Briefly, rats were rendered parkinsonian via 

unilateral stereotaxic injection of 6-hydroxydopamine (6-OHDA) into the substantia nigra 

and medial forebrain bundle. Two weeks after 6OHDA surgery, rats were evaluated for 

lesion success with amphetamine-induced rotational behavior. One week later (3 weeks 

post-surgery), rats were primed with levodopa for 4 weeks prior to grafting. Seven weeks 

after lesioning, and four weeks into levodopa treatment, parkinsonian rats from each age 

group received an intrastriatal embryonic day 14 (E14) ventral mesencephalic (VM) or a 

sham (cell-free media) graft. Rats were withdrawn from levodopa for one week following 

graft surgery (Lee et al., 2000; Steece-Collier et al., 2003; Maries et al., 2006) and reinitiated 

thereafter. All parkinsonian rats were evaluated for levodopa-induced dyskinesias (LID) 

behaviors prior to and following grafting (Figure 1). Eleven weeks after graft surgery, 

functional benefit was assessed with amphetamine-induced rotational behavior, with 

levodopa withdrawn for 48 hours prior amphetamine. Rats were sacrificed 24 hours after 

this final amphetamine behavioral assessment. Details of surgical procedures, behavioral 

evaluations and drug treatments are provided in the following paragraphs.

6-OHDA Lesion Surgery

F344 rats received unilateral stereotaxic injections of 6-OHDA into both the left medial 

forebrain bundle (MFB) and left substantia nigra (SN). The SN coordinates were 4.8 mm 

posterior to bregma, 1.7 mm lateral to mid-saggital suture, and 8.0 mm below the skull 

surface (Paxinos and Watson, 1998). MFB coordinates were 4.3 mm posterior to bregma, 

1.2 mm lateral to mid-saggital suture, and 8.0 mm below the skull surface. Animals were 

anesthetized prior to surgery with an intraperitoneal (i.p.) injection of chloropent (3.0 ml/kg 

body weight; chloral hydrate, 42.5 mg/ml + sodium pentobarbital, 8.9 mg/ml) and placed in 

a stereotaxic frame. The neurotoxin solution (5µg 6-OHDA hydrobromide/µl 0.9% sterile 

saline containing 0.2 mg/ml ascorbic acid) was injected at a rate of 0.5 µl/min (2.0 µl total at 

each site) using a 5 µl Hamilton syringe with a 26-gauge needle.

Amphetamine-induced rotational behavior

Amphetamine-induced rotational asymmetry was examined at 2 weeks after the 6-OHDA 

surgery to confirm the presence of an adequate lesion, and 11 weeks after graft surgery to 

assess behavioral efficacy of neural grafts (Figure 1). Rats were injected with amphetamine 

sulfate (5.0 mg/kg, i.p.) and rotational behavior was monitored for 90 min using automated 

rotometers (TSE Systems, Germany). Rats rotating, prior to transplantation, at a rate of ≥7 

ipsilateral turns per minute over 90 min were included in this study. Our lab has previously 

confirmed that rats with this rotational rate have >95% SN DA neuron loss and striatal DA 

depletion and readily develop LID (Maries et al., 2006; Steece-Collier et al., 2003).

Levodopa administration

Three weeks after a 6-OHDA lesion, but prior to grafting, animals were injected once daily 

with levodopa to induce abnormal involuntary dyskinetic behaviors, or LID. Subjects were 

first primed with once daily (Monday thru Friday) levodopa at a dose of 25 mg/kg levodopa 

plus 25 mg/kg benserazide (intraperitoneal (i.p.)) for one week. Subsequently, rats received 
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a daily maintenance dose of 12.5 mg/kg levodopa plus 12.5mg/kg benserazide for the 

remainder of the experiment, both pre- and post-grafting as depicted in Figure 1. Levodopa 

was injected at the same time daily (M-Fr).

All rats were given a 7-day levodopa-free period following grafting to prevent any 

interactions of the drug with the VM neuron grafts (Lee et al., 2000; Steece-Collier et al., 

2003; Maries et al., 2006). One week after transplantation, rats resumed their daily levodopa 

treatment regimen (12.5 mg/kg levodopa plus 12.5 mg/kg benserazide, i.p.).

Dyskinesia rating

The terms “dyskinesia” and “LID” are used throughout the text to refer to abnormal 

involuntary movements including dystonia, hyperkinesia, and/or stereotypies noted in 

parkinsonian rats in response to levodopa. The details of these behaviors and the rating scale 

used are reported elsewhere (Steece-Collier et al., 2003; Maries et al., 2006). Dyskinetic 

behaviors were rated three days per week (Wednesday-Friday) for 2 min each day, 30 

minutes after the levodopa injection, a time that corresponds to peak dose dyskinesias (e.g.: 

Maries et al., 2006). Injections were timed such that each animal was rated precisely 30 min 

after their levodopa injection. Dyskinesia ratings were performed by the same individual 

throughout the study. This investigator was blinded to the treatment conditions and checked 

weekly with inter-rater reliability by a second blinded investigator. Dyskinesia ratings for all 

the animals were carried out in randomized order, assigned at the beginning of the 

experiment and kept for the duration. As detailed previously (Steece-Collier et al., 2003; 

Maries et al., 2006) both the intensity (0= absent, 1= mild, 2= moderate, 3= severe) and 

frequency (0= absent, 1= <50% of rating period, 2= 50% of the rating period, 3= constant) 

were determined for the following individual dyskinetic behaviors: forelimb hyperkinesia, 

forelimb dystonia, hind limb dystonia, trunk dystonia, neck dystonia, and orolingual 

dyskinesia. A final dyskinesia severity score for any given individual component of 

dyskinesia was obtained by multiplying frequency × intensity. A total daily severity score 

for each animal was computed by adding the severity scores of the individual dyskinetic 

behaviors. A total weekly LID score for each animal was computed by averaging the daily 

severity score for Wednesday through Friday. Post-graft LID behaviors are represented in 

graphs as temporal categories of ‘early’, ‘middle’, and ‘late’. A modified bootstrapping 

method was used to assign these categories and for the analysis of behaviors that had 

extensive temporal data (i.e.: Figures 7, 8). This approach involved the inclusion of re-

sampled data from the following time-point groupings: ‘early’ time-point (weeks 2–4 wks 

post-grafting); ‘middle’ time-point (weeks 6–8 wks post-grafting); and a ‘late’ time-point 

(weeks 10–11 wks post-grafting). Figures of individual LIDs (dystonia in trunk and forepaw 

(RFPD), dyskinesia in forepaw and hindpaw, and orolingual dyskinesia) are presented for 

each age group compared to a reference plot of combined behaviors for sham-grafted 

subjects of all age groups as these data were not statistically different.

Preparation of donor tissue for transplantation

VM tissue containing developing A8-A10 DA cell groups was dissected from E14 F344 rats 

(crown-rump length 10.0–11.5 mm). VM tissue was collected and pooled in 4°C calcium–

magnesium free (CMF) buffer. Tissue was then transferred to CMF buffer containing 0.1% 
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trypsin, warmed to 37°C in a water bath for 10 min, rinsed in CMF buffer, and triturated in 

0.004% DNase using Pasteur pipettes of 1.0 mm and 0.5 mm tip diameter. The resulting 

suspension was pelleted by centrifugation at 500 × g for 10 min. The pellet was suspended 

in 1.0 ml of Neurobasal Media (Gibco). This media in the absence of cells served as the 

vehicle for sham grafting. The trypan blue exclusion test was used to estimate cell number 

and viability. Final suspensions were prepared at a density of 33,333 cells/⌠l for young (3 

mo) rats; 66,666 cells/⌠l for middle-aged (15 mo) rats, and 150,000 cells/⌠l for aged (22 

mo) rats according to the design detailed below. Cells were kept on wet ice during 

transplantation surgery and used within 4 hours of preparation.

Cell transplantation

Rats were assigned to sham and VM graft groups such that the groups had an equal 

distribution of pre-graft LID severity and amphetamine-induced rotational scores. VM 

grafted animals received embryonic VM cells at a single striatal site (anterior to bregma 

+0.2mm; lateral to bregma +2.8mm; Paxinos and Watson, 1998), with tissue dispersed along 

three dorsal-ventral locations at this site: 5.8, 5.1 and 4.4 mm ventral to dura. The number of 

grafted VM cells was varied between age groups in an attempt to achieve an equal final 

number of surviving DA neurons in the VM graft across the age groups. These numbers 

were derived from our previous study (Collier et al., 1999) where we found that the survival 

of grafted DA neurons in middle-aged parkinsonian rats (17 mo) was one-half of that noted 

in young (4 mo) rats, and the survival of grafted DA neurons in aged parkinsonian rats (24–

26 mo) was one-fifth of that noted in young rats. Due to a predicted 50% reduction in cell 

survival in middle-aged rats, 15 month-old rats received 400,000 VM cells/animal. 

Similarly, due to a predicted five-fold reduction in cell survival in advanced-aged rats, 22 

month old rats received a total of 900,000 VM cells/rat. The embryonic VM cell suspension 

was delivered into the DA-depleted striatum using a 10⌠l Hamilton syringe with a 26-gauge 

needle. Each dorsal-ventral injection site received 2 ⌠l of the VM cell suspension for a total 

volume of 6⌠l for all rats. Sham-grafted subjects received injections of 6µl of cell-free 

vehicle using the same stereotaxic coordinates. The needle was left in place for three 

minutes after the last injection of cells or media.

Necropsy

Following the eleventh week after grafting, rats were deeply anesthetized then perfused 

transcardially with room temperature heparinized 0.9% saline (150 ml) followed by buffered 

fresh 4.0% paraformaldehyde solution (100ml). Brains were post-fixed for 24 hours in 4.0% 

paraformaldehyde solution at 4°C followed by transfer to a 30% sucrose solution for 48–72 

hours. Coronal brain sections were cut on a freezing sliding microtome at 40⌠m thickness, 

and all sections were stored at −20°C in a cryoprotectant solution until time of processing.

Immunohistochemistry

Paraformaldehyde-fixed sections through the striatum were used for immunohistochemical 

(IHC) staining of tyrosine hydroxylase (TH; marker for DA neurons) (Kordower et al., 

1995; Steece-Collier et al., 1995), FosB/ΔFosB (FosB; marker for LID-related immediate 

early gene activation), a dopamine and cAMP regulated phosphoprotein 32 kDa 
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(DARPP-32; marker for striatal medium spiny neurons (MSNs) and used as a marker of 

striatal cytoarchitectural integrity) and synaptopodin (SP; a dendritic spine apparatus 

associated protein and used to measure the number of (presumed) synaptic contacts between 

TH+ neurites and host MSNs). A separate series of every sixth section through the striatum 

were stained for each of these antibodies. For TH IHC, sections were incubated with TH 

primary antibody (1:4000; EMD Millipore, Billerica, MA) for 24 hours at room temperature 

followed by 90 minutes in goat anti-mouse biotinylated IgG (1:400; EMD Millipore, 

Billerica, MA) and developed using 0.05% 3,3’-diaminobenzadine (DAB). For DARPP-32 

IHC tissue was incubated overnight at room temperature in monoclonal DARPP-32 primary 

antibody (1:10000; Cell Signaling Technology) followed by incubation for one hour in goat 

anti-rabbit IgG (1: 400, EMD Millipore, Billerica, MA) and developed using DAB. For 

FosB IHC, sections through the striatum were incubated overnight at room temperature in an 

antibody against FosB/ΔFosB isoforms (1:2000, Santa Cruz Biotech, CA), followed by 

incubation in biotinylated goat℃anti rabbit IgG (Vector Laboratories, Burlingame, CA) at a 

concentration of 1:200 in TBS containing 1% goat serum for 90 min at room temperature. 

Sections were developed using the avidin℃biotin℃peroxidase complex (ABC) (Vector 

Laboratories, Burlingame, CA) and DAB. Sections were mounted on gelatin-coated slides, 

dehydrated, and cover slipped. The slides were visualized using light microscopy.

For fluorescent dual-label TH-SP IHC, sections were incubated for 48 hours at room 

temperature in mouse anti-TH (1:8000; Millipore) plus rabbit anti-SP (1:4000; Synaptic 

Systems). After several rinses, sections were then incubated with donkey anti-mouse IgG 

(1:400; Alexa Fluor 488 (green); Invitrogen) plus donkey anti-rabbit IgG (1:400; Alexa 

Fluor 594 (red); Invitrogen) for 90 minutes at room temperature in the dark. Sections were 

mounted onto Histobond® slides, dipped into a Sudan Black solution (to reduce 

autofluorescence; 1g/50ml 70% ethanol), rinsed with 70% ethanol and coverslipped in the 

dark with ProLong® Gold Anti-Fade reagent (Life Technologies). Slides were visualized 

using confocal microscopy. For all antibodies, controls consisted of processing tissue in an 

identical manner except for omitting the primary antibody.

Stereological quantification of graft cell number

The number of grafted TH-immunoreactive (THir) cells located within the striatum was 

estimated using an optical dissector sampling design by an investigator blinded to the 

grafting conditions (Gundersen et al., 1988; Kordower et al., 2001; Larsen et al., 2004). 

Three to five equally-spaced sections were sampled along the entire rostral-caudal extent of 

the graft for each brain. The region of the graft was outlined using a 4X objective. A 

systematic sample of the area occupied by the graft was made from a random starting point 

determined by the software (StereoInvestigator 2000 software; MBF Bioscience, Colchester, 

VT). The counting frame was established at 50×50⌠m such that the number of sampling 

sites covered the entire area of the graft within each section, without overlap, or gaps, thus 

enabling complete enumeration of the analyzed tissue. These parameters resulted in ~700–

1400 sample sites per section. Counts of THir cells were made at regular predetermined 

intervals (x=50⌠m, y=50⌠m), and a counting frame (50×50µm=2500⌠m2) was 

superimposed on the image of the tissue sections. These sections were then analyzed using a 

60X Plan Apo oil immersion objective. The measured section thickness averaged 
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approximately 24⌠m. The optical dissector height was 20⌠m. This method allowed for 

guard zones of 2⌠m on either surface of the tissue sample, such that cell counting was 

conducted only within the optical dissector. THir cells were only counted if the first 

recognizable labeled profiles of the cell came into focus within the counting frame 

(Gundersen et al., 1988 a,b; Larsen et al., 2004). The percent of grafted THir neuron survival 

was based on approximately 200,000* cells per VM obtained with our dissection parameters 

and calculated as:

Total # of THir Neurons Implanted = Total # of VM cells grafted per age group (i.e.: 

200,000, 500,000, 900,000) × (37,500 THir Neurons/200,000* cells per VM).

% Survival Rate = (Stereological Mean of surviving THir neurons in graft of each age 

group/ Total # of THir Neurons Grafted) × 100 (for details see Terpstra et al., 2007).

Graft volume quantification

Striatal and graft volumes were calculated using the Neurolucida® stereology program 

(MBF Bioscience, Williston, Vermont). Briefly, contours were defined for both the striatum 

and the graft, and the outlines of each structure were traced in THir sections throughout the 

entire length of the striatum. The same brain sections used for graft cell counts were used for 

graft volume analysis. The Neurolucida Explorer program was used to calculate total graft 

and striatal volume for each animal.

Quantification of neurite outgrowth

The extent of graft-derived innervation of the host striatum was evaluated with two methods: 

densitometry of THir fiber immunoreactivity surrounding the graft, and stereology using the 

Space Balls program (MBF Bioscience) in a selected region adjacent to the graft. 

Densitometric measurements were performed using the Nikon NIS-Elements software to 

assess THir neurites in multiple fields of view extending from the dorsal, ventral, lateral, and 

medial borders of the grafts (Figure 3B). Measurements are expressed as the “Area 

Fraction,” which represents the percentage of the field of view occupied by THir fibers. All 

fields of view for all animals were set to identical light settings on the microscope and 

identical threshold levels to subtract background staining. Background readings were taken 

from multiple fields of view within the corpus callosum for each animal to establish this 

threshold before data collection began. The investigator was blinded to the age and 

treatment conditions of each animal before data collection. For each animal, the dorsal, 

medial, ventral, and lateral borders of the graft were identified under the microscope (Figure 

3). The tissue section containing the largest portion of graft was chosen for analysis for each 

animal. Beginning at the dorsal border of the graft, images were acquired at 40X as 

consecutive adjacent fields of view, with no overlap between regions. This resulted in each 

field of view representing a total area of 281.60µm × 225.28µm. Images were collected from 

the border of the graft to the corresponding striatal border (e.g.: the dorsal border of the graft 

to the dorsal border of the striatum), resulting in data from 3–12 fields of view for any given 

direction, which varied based on graft placement. The first six fields of view extending from 

the graft border in each direction were used for final analyses as reliable detection of 

staining was reduced beyond this distance. Data was analyzed for neurite extension proximal 
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to the graft (1–3 fields of view from graft border) and distal to the graft (4–6 fields of view 

from graft border) in each measured axis (dorsal, medial, ventral, and lateral), for young, 

middle-aged, and aged VM grafted rats (Figure 3).

Fiber density analyses were also performed utilizing the Space Balls stereological probe to 

obtain an unbiased estimate of THir neurite densities in the striatum based on previously 

reported methods (Thompson et al., 2012). Contours were drawn for three fields of view 

matching the dimensions of the fields of view used for the densitometry analysis at the 

lateral border of the graft. Contours of the same side were drawn on the intact side to collect 

fiber density for the intact side of each rat. The same section of grafted tissue analyzed in the 

densitometry analysis was used for analysis via the Space Balls software. Neurites were 

counted using a BX52 Olympus microscope (Olympus America Inc.) equipped with a 

Microfire CCD camera (Optronics). The camera settings were maintained throughout the 

entirety of each experiment and the investigator was blinded to the treatment conditions 

during the analysis.

Striatal integrity

DARPP-32 is expressed in all striatal medium spiny neurons (MSNs) (Ouimet et al., 1998) 

and thus is a commonly used MSN marker. The volume of striatal displacement under all 

grafting conditions (e.g. VM or sham) was assessed via DARPP-32-ir staining of the 

striatum in each experimental subject. As with graft volume measurement, striatal outlines 

were traced throughout the striatum in its entirety using the Neurolucida® stereology 

program for volume assessment (MBF Bioscience, Williston, Vermont). The area devoid of 

DARPP-32 staining was clearly demarcated in 3–5 sections of the striatum for all subjects, 

corresponding to the VM graft or sham-graft area. This striatal area was traced to give a 

contour specific for the striatal area devoid of DARPP-32 immunoreactivity. The total 

volume of striatum expressing DARPP-32 was quantified as the difference between total 

striatal volume and volume of the area devoid of DARPP-32 immunoreactivity (i.e.: percent 

total striatum with positive DARPP-32 staining).

Densitometry analysis of FosB/ΔFosB immunoreactive cells

Three sections of the dorsolateral precommissural striatum were analyzed for FosB/ΔFosB 

staining in each animal by an investigator blinded to the experimental treatment. Tissue 

sections selected for analysis corresponded to (1) pre-graft striatum, (2) the first rostral 

section containing the grafted striatum, and (3) the following section, immediately adjacent 

to the previous one containing grafted THir cells. Slides were visualized at a magnification 

of 40X using light microscopy (Olympus BX60, Olympus, USA) and were digitized using a 

Nikon DM1200 camera and ACT software (Nikon Microscopy, USA). At each of the three 

striatal levels, two sampling images were obtained for both the DA-depleted and intact 

striatum. The first image of striatal FosB/ΔFosB positive cells was obtained adjacent to the 

lateral border of the striatum at a mid-dorsoventral level. The second imaged area was of the 

same size, adjacent and just medial to the first area. Densitometry of FosB/ΔFosB-ir cells 

within the digitized images was performed using ImageJ software (National Institutes of 

Health, Bethesda, Maryland). The investigator blinded to the experimental conditions 

outlined each of the FosB/ΔFosB-positive cells in the digitized images, with the optical 
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density of each cell then being measured by the computer software. A mean optical density 

reading was generated for each immunoreactive cell. An average of 50 cells was sampled 

per field of view yielding 300 cells per animal per side. An average optical density was 

calculated for all FosB/ΔFosB-ir cells present in the two adjacent field of view images. The 

background level of optical density was determined by tracing areas consisting of internal 

capsule fibers within the striatum located between the FosB/ΔFosB-ir cells. An average 

background optical density value was obtained from a total of 60 of these regions per animal 

per side. The corrected FosB/ΔFosB optical density was obtained by subtracting the average 

background optical density from the average optical density obtained for the FosB/ΔFosB-ir 

cells. The optical density of the FosB/ΔFosB-positive cells present in the dorsolateral 

lesioned striatum at each level was expressed as a percent increase from the value found in 

the unlesioned (intact) striatum at the same level.

Quantification of contact between TH+ neurites and SP+ elements

An investigator blinded to treatment conditions analyzed the number of SP+ contacts per 

length of TH+ neurite (number of contacts/fiber length measured). The tissue section 

containing the largest portion of the graft was chosen for analysis of SP–TH appositions in 

each animal. As depicted in Figure 3B, at the equator, on the medial aspect of the graft, data 

was collected in two fields of view (FOV) (with each FOV equal to 125 µm using the 100X 

objective). Slides were visualized and photographed at 100X using an Olympus FluoView 

FV1000 Confocal Laser Scanning Microscope (Olympus America, Inc., Center Valley, PA). 

Images were digitized using Olympus Fluoview FV1000 Advanced Software (version 3.01). 

Digitized micrographs were analyzed using Olympus Fluoview Viewer (version 4.0a). 

Approximately 20 TH+ fiber segments of at least 10 um were identified in each image. The 

criteria for selecting SP+ labeling was that the SP element should have direct contact with 

the TH+ fiber, should show bright immunofluorescence, and have well-defined edges.

Statistical analysis

Dyskinetic behaviors were analyzed using three-way analysis of variance (ANOVA) 

employing Sigma Stat 3.0 software (Aspire Software International, Leesburg, VA) to 

determine if there were significant between age-groups differences in the severity of LIDs 

and the behavioral efficacy of the grafts. Student-Newman-Keuls (SNK) tests were used for 

multiple comparisons when there was a significant ANOVA. An ANOVA followed by SNK 

tests were also used to determine if there were significant differences between sham and VM 

grafts, and determine if host age had a significant effect on the survival of grafted TH-ir cell 

counts, VM graft volume, and ability of TH-ir cells to normalize optical density of the FosB/

ΔFosB marker. Two-way ANOVAs were used to determine statistical differences in neurite 

outgrowth, followed by the SNK post-hoc test. One-way ANOVA followed by SNK tests 

were used to analyze the synaptopodin and TH data. The level of statistical significance was 

set at p<0.05 for all statistical analyses.
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Results

Increasing the number of VM cells grafted into aged rats results in a proportional increase 
in grafted THir cell survival

In contrast to expectations based on previous findings (Collier et al., 1999; Sortwell et al., 

2001) when the number of VM cells grafted into middle-aged and aged rats was increased, 

the number of surviving THir neurons in the striatum at 11 weeks after grafting was 

significantly greater than in their younger counterparts (total number of grafted THir cells: 

young: 1,505.67 ± 590.56; middle-aged: 3,250.86 ± 616.97; aged: 5,261.50 ± 989.09; 

F(2,15)=4.18, p=0.040, Figure 2). However, the overall percentage of grafted THir neuron 

survival did not vary significantly across age (young: 4.02% ± 1.58; middle-aged: 3.45% ± 

0.66; aged: 3.12% ± 0.59; F(2,15)=0.24, p=0.788).

Stereological quantification of graft volume showed that middle-aged and aged graft 

recipients had significantly larger graft volumes as compared to their younger counterparts 

corresponding to the significantly larger number of grafted cells (young: 0.16 ± 0.02 mm3; 

middle-aged: 0.46 ± 0.09mm3; aged: 0.83 ± 0.31mm3; F(2,16)=6.65, p=0.009, Figure 3A).

Graft-derived reinnervation is not proportional to increased survival of grafted neurons in 
aging hosts

The area of striatum occupied by graft-derived neurites was similar in host animals of 

varying ages. When analyzed as a composite of both proximal and distal FOV occupied by 

neurites along the four points of the compass at the center of the graft, there was overlap 

across all three age groups. When THir neurite density was expressed as percent FOV for 

regions either proximal or distal to the graft, the larger number of surviving grafted THir 

neurons in middle-aged and aged subjects was associated with increased graft-derived 

innervation immediately adjacent (proximal) to the implant (Figure 3 C, D). In addition, 

composite neurite density measures using the Space Ball probe were not significantly 

different among groups (F(2,26)=3.17, p>0.05). This equivalency in reinnervation in the 

areas sampled does not account for the significantly different numbers of grafted cells 

contributing the innervation. When the extent of reinnervation is expressed relative to the 

number of surviving grafted THir neurons, a dramatic decline in neurite density per cell is 

detected beginning in middle-age and persisting in old age (F(2,26)=4.54, p=0.02; young vs 

middle p=0.02, young vs aged p=0.04, middle vs aged p=0.98; Figure 4). Thus, while 

equivalent graft-derived innervation of the striatum can be achieved in subjects of advancing 

age, it requires many more grafted neurons to do so. The limitation of neurite density in the 

aged rats did not appear related to a ‘ceiling effect’ as the mean neurite density was 

significantly greater on the intact side versus the DA-grafted side for all age groups (average 

neurite outgrowth: intact: 0.156 +/− 0.010 um/mm3; graft: 0.053+/− 0.010um/mm3; p< 

0.001, F = 54.7) with the aged DA-grafted striatum reaching a maximum of only 41.6% the 

neurite density found in the intact striatum. Further, there was no age-dependent difference 

in neurite density between the intact versus DA grafted striata (average neurite density: 

young intact = 0.172 ± 0.018 um/mm3; middle intact = 0.149 ± 0.018um/mm3; aged intact = 

0.149 ± 0.0128um/mm3; young grafted = 0.043 ± 0.018; middle grafted = 0.053 ± 0.018; 

aged grafted = 0.062 ± 0.018; P = 0.466; F = 0.811).
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Striatal neuron cytoarchitecture is equally preserved in the grafted striatum across all 
ages

Striatal DARPP-32 immunoreactivity revealed a normal appearance of the gross 

cytoarchitecture throughout the majority of the grafted striatum across all age groups. 

Specifically there was a distinct localized area devoid of DARPP-32 staining in all grafted 

animals corresponding to the presence of the implant (Figure 5). Despite the difference 

between age groups in the number of grafted THir neurons and the volume of striatum they 

occupied, there was no age-related difference in the volume of striatum staining for 

DARPP-32 (VM grafted rats: young 99.85% ± 0.86%; middle-aged 98.30% ± 0.57%; aged 

96.93% ± 0.47%; % of striatal volume with DARPP-32-ir; F(2,36)=1.18, p>0.05) and 

equivalent to the volume of DARPP-32 staining in sham-grafted rats (sham-grafted rats: 

young 99.97% ± 0.75%; middle-aged 99.95% ± 0.53%; aged 99.97% ± 0.67%). While 

dyskinogenic levodopa can change the phosphorylation of DARPP-32 at Thr34 (Santini et 

al., 2007), there was no effect on level of DARPP-32 immunoreactivity as a marker of MSN 

number as observed in the lesioned, sham-grafted striata. Accordingly, in both the sham-

grafted and VM grafted striatum, greater than 96% of the region showed normal DARPP-32 

immunostaining profiles, indicating that striatal tissue was displaced by implants, but not 

significantly damaged by them.

Grafting reduces amphetamine-induced rotational asymmetry across all ages

Stereological quantification of THir cell number was used to confirm the absence or 

presence of a SN lesion in all animals, regardless of age. All lesioned animals exhibited 

greater than 99% loss of DA neurons in the SN in the lesioned hemisphere (Figure 2, AC). 

Accordingly, in all age groups, post-lesion amphetamine-induced rotations were >7 

ipsilateral rotations per minute over 90 minutes. In sham-grafted rats, the rate of rotational 

asymmetry was stable over the duration of the study, with no reduction in the number of 

rotations per minute over time in any age group at 10 weeks post-lesion. In VM grafted rats, 

there was a significant reduction in the number of amphetamine-induced rotations regardless 

of host age with the pattern and extent of reduction not differing among groups 

(F(2,68)=0.13, p>0.05, Figure 6).

Reversal of levodopa-induced dyskinetic behavior is delayed or absent in aged rats

All parkinsonian rats administered daily levodopa developed LIDs at the same rate and to 

equal levels across ages prior to grafting (Figure 7). The presence of an intrastriatal VM 

graft significantly reduced the total LID score across all host age groups in comparison to 

sham-grafted rats (F(2,55)=31.32 p<0.001 for treatment effect). However, there were 

differences in the rate of LID reversal between age groups, with young subjects exhibiting 

significantly greater improvement at the early post-grafting interval compared to aged 

grafted subjects (young-grafted vs aged grafted, p=0.02; Figure 7 D, E). By 10 weeks post-

grafting, this difference disappeared. Expressing the improvement in LID per surviving 

grafted THir neuron again indicates that middle-aged and aged subjects benefited less 

(Figure 7F), despite the presence of more grafted cells and graft-derived innervation.

An analysis of individual attributes of dyskinetic behaviors (trunk, neck, forepaw, and 

hindpaw dystonia; right forepaw dyskinesia (RFPD); and orolingual dyskinesia) revealed 
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different patterns of graft-associated improvements across age groups (Figure 8). Young 

grafted rats showed significant recovery at the earliest time point post-grafting (2–4 weeks) 

for all individual LIDs with the exception of hindpaw dyskinesia (p<0.05 for trunk, RFPD, 

forepaw and orolingual). Middle-aged grafted animals displayed delayed recovery of 

individual behaviors, but by 6–8 weeks post-grafting exhibited recovery similar to the young 

grafted subjects. Aged grafted rats showed delayed recovery similar to middle-aged subjects 

for some LIDs (i.e.: trunk, hindpaw, and orolingual), but by 10 weeks post-grafting most of 

these benefits disappeared. In addition, aged grafted subjects showed no significant benefit 

in forepaw dystonia (RFPD) and forepaw dyskinesia over the entire duration of the 

experiment.

VM grafts reversed elevated FosB/ΔFosB across all ages

As has been previously shown, immunostaining for FosB/ΔFosB was increased in the lateral 

striatum with repeated levodopa treatment that produced LIDs, and remained elevated in 

sham-grafted rats expressing high levels of LIDs. The presence of an intrastriatal VM graft, 

in subjects of all age groups, resulted in a significant reduction in FosB/ΔFosB staining 

density compared to sham-grafted rats at 10 weeks post-grafting (F(2,74)=7.04, p=0.002, 

Figure 9).

Graft-derived innervation in aging rats make fewer apparent contacts with MSN dendritic 
spines

Synaptopodin (SP) is an integral protein found in the spine apparatus, an essential 

component of mature dendritic spines (Vlachos et al., 2009; Segal et al., 2010). We used 

dual-label immunohistochemistry (TH to label graft-derived DA neurites; SP to label spines 

of host MSNs) with confocal microscopy to count the number of close appositions, 

(presumed) synaptic contacts, formed between THir neurites and their preferential target, 

dendritic spines of host MSNs in young, middle-aged, and aged rats.

The data was expressed as the number of contacts between SP positive puncta per 10 µm of 

THir neurite. The density of TH-SP contacts was greater for young grafted rats compared to 

middle-aged and aged grafted rats (young VM grafted: 0.40 ± 0.02 puncta per 10 µm; 

middle-aged VM grafted: 0.28 ± 0.03 puncta per 10 µm; aged VM grafted: 0.24 ± 0.04 

puncta per 10 µm, F(2,15)=5.14, p=0.02, young vs middle-aged and young vs aged, p<0.05, 

Figure 10A). Moreover, the SP contact density per surviving grafted dopaminergic neuron 

was greater for young grafted rats compared to middle aged and aged grafted rats (young 

VM grafted: 0.00040 ± 0.00010 puncta per 10 µm; middle-aged VM grafted: 0.00010 ± 

0.00002 puncta per 10 µm; aged VM grafted: 0.00004 ± 0.00001 puncta per 10 µm, 

F(2,14)=11.73, p<0.002, post-hoc young vs middle and young vs aged p<0.05, Figure 10B). 

Finally, the SP contact density per percent reduction in LID severity post grafting was 

greater for young grafted rats compared to middle aged and aged grafted rats (young VM 

grafted: 0.0060 ± 0.0008 puncta per 10 µm; middle-aged VM grafted: 0.0040 ± 0.0005 

puncta per 10 µm; aged VM grafted: 0.0040 ± 0.0010 puncta per 10 µm, F(2,14)=5.21, 

p=0.02, young vs middle-aged and young vs aged, p<0.05, Figure 10C).
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Discussion

Our results indicate that obvious differences in DA graft characteristics previously observed 

in the aged brain can be adequately resolved. Specifically, upward adjustment of the number 

of cells intended to replace striatal DA resulted in increased survival, reinnervation and 

reversal of amphetamine-induced rotational behavior. However, when the analysis included 

additional levels of complexity, differences associated with the aging environment persisted. 

While DA grafts in aging subjects yield improvement in LID, and reversed a signature 

increase in immediate early gene expression associated with LID (i.e.: FosB), correction of 

these behaviors comparable to grafted young subjects was delayed or absent. Of significant 

note, the delay or absence of functional benefit occurred despite nearly 5-fold more THir 

neurons in, and up to 2-fold greater fiber density derived from the grafts of aged subjects 

compared to young. One structural correlate of this difference was a significant decline in 

evidence of contacts between graft-derived innervation and their striatal target, MSNs, in the 

aging environment, suggestive of a decrease in anatomical integration of graft and host. It is 

likely that this apparent inability to fully integrate with the host brain is a significant 

limitation for the prospects of nerve terminal replacement therapies in aged individuals. Our 

previous work has shown that even in the young host when synapses are established 

between grafted DA neurons and MSNs the location and ultrastructural morphology of these 

contacts is altered by the remodeling that occurs in the DA-depleted striatum (Soderstrom et 

al., 2008).

While the additional impact of aging on DA-terminal remodeling remains to be fully 

investigated, the current study suggests that dendritic spine pathology may play a role in the 

age-related reduction in graft efficacy. Specifically, in the DA-depleted, parkinsonian 

striatum there is a loss of dendritic spines on MSNs (McNeil et al., 1988; Day et al., 2006; 

Soderstrom et al., 2010). In the normal striatum, dendritic spines are critical structural 

elements where DA terminals predominantly synapse onto the neck of the spine modulating 

afferent glutamatergic input that synapses predominantly onto the heads of the same spines 

(for review, Soderstrom et al., 2008). In the DA-depleted striatum where spine loss occurs, 

grafted DA neurons establish new synapses with the dendritic shaft of MSNs more 

frequently than the spines (Freund et al., 1985; Mahalik et al., 1985; Clarke et al., 1988; 

Leranth et al., 1998; Soderstrom et al., 2008). Indeed, the preservation of striatal dendritic 

spines in the presence of severe DA depletion significantly enhances the functional efficacy 

of grafted DA neurons in young parkinsonian rats (Soderstrom et al., 2010). Our current data 

indicate that the SP-TH contact density is associated with the degree of reduction in LID 

severity post grafting and that this was greater for young grafted rats compared to middle 

aged and aged grafted rats. Spine loss in the aged brain has been extensively studied in 

regions such as the hippocampus and neocortex, however significantly less is known about 

age-related dendritic spine changes in the striatum (for review, Dickstein et al., 2013). While 

a decrease in dendritic spine density in the striatum (caudate) of cats (Levine et al., 1986) 

and a loss of striatal axospinous synapses (Itzev et al, 2001, 2003) have been reported, the 

impact of age on striatal spine density in the rat remains to be fully characterized. While the 

brains in the current study were not prepared to be compatible with Golgi impregnation 

(Levine et al., 2013) and spine quantification, as part of a separate study, we have recently 
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found using Golgi impregnation methods in parkinsonian Sprague Dawley rats that there is a 

significant 15% decrease in striatal spine density in young (3 months) versus aged (20 

months) subjects (unpublished observation); a finding consistent with age-related spine loss 

in other brain regions (e.g.: Dickstein et al., 2013). Only a subset of dendritic spines express 

SP and the spine apparatus to which SP is integrally associated (Vlachos et al., 2009). In 

these spines, SP has been demonstrated to be critically involved with spine calcium store-

associated induction of long-term plasticity involving glutamate receptors and long-term 

potentiation (Vlachos et al., 2009; Segal et al., 2010). While our SP data does not allow for 

assessment of spine density per se, it does support the view that alterations in striatal 

dendritic spine-associated plasticity in the aged host may be linked to deficits in graft 

efficacy.

Neuroinflammation is a prominent feature of normal brain aging and is linked to age-related 

synaptic dysfunction (for review see Sama and Norris 2013). The scope of the present 

project did not allow direct examination of the contribution of this variable to the effects 

observed. However, some impact is likely as in addition to aging, increased inflammation is 

associated with DA-depletion and cell transplantation (e.g.: Kordower et al., 1997; Bakay et 

al., 1998; Soderstrom et al., 2008; Barnum and Tansey 2010). Indeed, our previous work 

indicates that activation of the immune system can have profound effects on the pattern and 

ultrastructure of graft-derived synaptic contacts (Soderstrom et al., 2008). Thus, the 

challenge of re-building new, normal synaptic circuits with grafted DA neurons may be 

untenable without appropriate modulation/supplementation of the environment through the 

use of adjunct therapeutic interventions directed at mitigating glial activation and calcium 

dysregulation.

Given that grafting paradigms in PD patients are usually reserved for individuals in greatest 

need of treatment, those with advanced disease, severe DA depletion, and often in patients 

of advanced years, optimizing the use of cell transplants in aged individuals is of significant 

clinical value and interest. Previous studies in animal models of aging and PD identify some 

of the challenges facing this task; specifically, decreased trophic support (Ling et al., 2000) 

and decreased compensatory mechanisms in response to DA-depletion (Collier et al., 2007). 

The results of the current study demonstrate that even when a large number of DA neurons 

are shown to survive in the aged parkinsonian rat brain, the behavioral impact is delayed and 

inferior on a per cell basis to that seen with significantly fewer neurons in younger subjects.

Conclusions

As PD diagnostic techniques become further refined and therapeutic options are optimized, 

the legitimacy of early disease intervention is becoming increasingly realistic. Age remains 

the greatest risk factor for PD, and early intervention will likely offer the most promising 

therapeutic option for patients. Results from this study offer additional evidence that 

therapeutic efficacy of DA terminal replacement diminishes with age, supporting the 

rationale of earlier intervention.

Cell replacement as a therapy for PD is widely considered passé. Yet, the rationale for 

providing a cell of appropriate biology as a source of chemical and structural repair of the 
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damaged DA system remains compelling. While accurate identification of the “right patient 

at the right time” remains ill-defined, there are clear examples of the enduring benefits of 

cell transplantation (Kefalopoulou et al., 2014; Hallett et al., 2014). Increased awareness that 

the earliest event in DA system degeneration in PD is loss of striatal innervation (Kordower 

et al., 2013), and consequent aberrant therapy-resistant remodeling of the striatum (Steece-

Collier et al., 2012; Zhang et al., 2013), provides additional conceptual support for 

interventions that subvert denervation as cell transplantation has the capacity to do (Abbott, 

2014).
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Highlights

• Dopamine neurons were grafted into young, middle and aged parkinsonian rats.

• Two-fold and 5-fold more cells were grafted into middle and aged rats than 

young.

• Robust graft survival and neurite outgrowth was observed in aged rats.

• Behavioral benefit was inferior in aged rats compared to younger rats.

• Age-related dendritic spine pathology may underlie suboptimal functional 

benefit.
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Figure 1. 
Time course of surgical procedures, behavioral evaluation, and drug treatments. Rats were 

rendered parkinsonian with 6-OHDA. Two weeks after 6OHDA, amphetamine-induced 

rotational behavior was evaluated to confirm lesion status. Three weeks after 6OHDA 

parkinsonian rats were primed with daily (M-Fr) levodopa or saline for 4 weeks prior to 

grafting. Once stable dyskinesias were established following levodopa priming, ventral 

mesencephalic or sham grafts were implanted into the parkinsonian striatum. Levodopa and 

vehicle injections were withdrawn for 1 week following graft surgery, after which time daily 

injections were continued for 10 weeks. Levodopa was withdrawn for 48 hours prior to a 

second amphetamine-induced rotational behavioral evaluation used to assess graft efficacy. 

Twenty-four hours after the last amphetamine test, rats were humanely sacrificed. 

Abbreviations: 6-OHDA= 6-hydroxydopamine; Amph= amphetamine; LD= levodopa; 

LID=levodopa-induced dyskinesia; Sac= sacrifice.
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Figure 2. 
Micrographs of TH+ nigral neurons (A-C) and grafted neurons in young (D, G), middle-

aged (E, H), and aged (F, I) rats. 6-OHDA-mediated nigral DA neuron loss is near complete 

across all ages (A-C). High magnification (100X) view of the graft and its medial border of 

the graft in young (D), middle-aged (E), and aged (F) VM grafted rat. Low magnification 

(4X) view of the VM graft in the striatum of young (G), middle-aged (H), and aged (I) VM 

grafted rats. (J) Aged rats have significantly greater numbers of surviving TH+ neurons in 

the grafted striatum compared to middle-aged and young VM grafted rats as denoted by the 

asterisk (p < 0.05). Scale bars represent 100 um.
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Figure 3. 
Graft volume and neurite outgrowth. A) The volume of the VM graft in aged rats was 

significantly greater than in middle-aged or young VM grafted rats. The asterisk denotes 

significant difference of aged versus young and middle-aged groups at p < 0.05. B) Neurite 

density analysis was performed in 6 consecutive fields of view (boxes) at 40X from the 

dorsal (D) and medial (M) ventral (V) and lateral (L) borders of the graft. The ‘1’ denotes 

proximal fields of view and the ‘2’ denotes distal fields of view. Abbreviations: ac, anterior 

commissure; cc, corpus collosum; Sep, septum; STR, striatum; Ctx, cortex. C, D) Percent of 

the field of view (FOV) occupied with TH+ neurites lateral (C) and medial (D) to the center 

of the graft. The asterisks denote significant differences (p < 0.05) for indicated comparison. 

Proximal: 0–850µm from the graft border; Distal: 850–1700µm from the graft border.
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Figure 4. 
Neurite density per grafted TH+ cell. Neurite density lateral to the graft was quantified with 

the Space Balls stereology probe (Microbrightfield) in young, middle-aged, and aged VM 

grafted rats and adjusted to the number of surviving TH+ grafted cells. Young rats had 

greater neurite outgrowth on a per grafted cell basis compared to both middle aged and aged 

grafted rats. The asterisk denotes significant difference between young versus middle aged 

and aged groups (p < 0.05).

Collier et al. Page 26

Neurobiol Dis. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Representative photomicrographs of striatal DARPP-32 staining in young (A, D, G), 

middle-aged (B, E, H), and aged (C, F, I) rats with intrastriatal DA neuron grafts 

(*asterisk). These images show that the graft protocol used resulted in an equivalent, 

relatively small area of disruption of DARPP-32 positive neurons across the various host age 

groups despite varying degrees of TH+ graft number and infiltration into the host striatum. 

Quantification data of the percent of striatal volume devoid of DARPP-32+ 

immunoreactivity showed no age-related difference in the volume of striatum staining for 

DARPP-32 (VM grafted rats: young 99.85% ± 0.86; middle-aged 98.30% ± 0.57; aged 

96.93% ± 0.473; % of striatal volume with DARPP-32-ir; F(2,36.)=1.18, p > 0.05) and 

equivalent to the volume of DARPP-32 staining in sham-grafted rats (sham-grafted rats: 

young 99.97% ± 0.75; middle-aged 99.95% ± 0.53; age 99.97% ± 0.669). Scale bars 

represent 100 µm.
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Figure 6. 
Lesion and graft efficacy measured with amphetamine-induced rotational behavior. 

Experimental groups: Light gray bars= Baseline Pre-graft; Mid-tone gray bars= Sham-

grafted rats 10 weeks post grafting; Dark gray bars= VM grafted rats 10 weeks post grafting. 

Asterisk denotes significant difference between VM graft animals versus baseline pre-graft 

and sham-graft scores (p < 0.05). CCW= counter clockwise turn; CW=clockwise turn.
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Figure 7. 
Comparison of ‘total’ levodopa-induced dyskinesias severity across ages (A-C). Sham 

grafted rats: dashed line; VM grafted rats: solid line. The asterisks denotes significant 

difference between VM and sham grafted groups at p < 0.05. (D) Illustration of ‘total’ 

levodopa-induced dyskinesias in young and aged VM grafted and sham-grafted rats across 

all time points. The double asterisk denotes significant difference between young and aged 

VM graft groups at p < 0.05. (E) Total dyskinesias severity comparison between sham-

grafted, young VM grafted, and aged VM grafted animals at early (‘E’; 2–4 week) post graft 

time point. The asterisks denotes significant differences (p < 0.05) for indicated comparison. 

(F) Percent improvement in dyskinesias severity per grafted TH+ cell number. The asterisks 

denotes significant differences (p < 0.05) for indicated comparison. X-Axis: −4, −3, −2, −1 

are pre-grafting time points (in weeks) where levodopa priming occurred. ‘E’= early, ‘M’= 

middle, ‘L’= late, are post-graft time points determined using modified boot-strapping 

statistics with the ‘E’ time-point = weeks 2–4 wks post-grafting; the M time-point = weeks 

6–8 wks post-grafting; and the ‘L’ time-point weeks =10–11 wks post-grafting. Daily 

levodopa treatment continued post-grafting as detailed in Figure 1.
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Figure 8. 
Individual attributes of levodopa-induced dyskinesias for young (A, D, G, J, M), middle-

aged (B, E, H, K, N), and aged (C, F, I, L, O) rats at pre-graft and post-graft time points. 

Trunk (A-C), Right Fore Paw Dyskinesia (RFPD) (D-F), hind paw (G-I), forepaw (J-L), 

orolingual (M-O). The dashed line represents sham-grafted rats. The solid line represents 

VM grafted rats. X-Axis: −4, −3, −2, −1 are pre-grafting time points (in weeks) where 

levodopa priming occurred. ‘E’= early, M= middle, ‘L’= late, are post-graft time points 

determined using modified boot-strapping statistics with the ‘E’ time-point = weeks 2–4 wks 
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post-grafting; the ‘M’ time-point = weeks 6–8 wks post-grafting; and the ‘L’ time-point 

weeks =10–11 wks post-grafting. The asterisks denotes significant differences (p < 0.05) at 

indicated time point for sham versus VM graft groups.
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Figure 9. 
Densitometric quantitation of FosB/ΔFosB immunohistochemistry in sham and VM grafted 

rats. (A–B) A representative example of the elevated density of FosB/ΔFosB 

immunostaining in the lesioned, DA-depleted striatum of a young sham-grafted rat treated 

with chronic levodopa compared to that in the contralateral intact striatum. (C–D) As seen in 

‘C the presence of a VM graft significantly reduced the elevation in FosB/ΔFosB as shown 

in this representative example from a young rat. (E) The elevation of FosB/ΔFosB 

densitometry in the sham grafted striatum (dark gray bars) occurred in all age groups, 

however, the elevation was significantly less in the middle aged group compared to both the 

young and aged groups († p<0.05). The presence of a VM graft (light gray bars) reduced 

FosB/ΔFosB densitometry across all age groups with the reduction greatest in aged rats with 

the largest grafts; †† indicates significant difference between the aged VM grafted group and 

the young and middle aged VM grafted groups (p<0.05). A single asterisk (*) indicates 

significant difference between sham vs. VM graft within that age group (p<0.05). Scale bar 

represents 100 µm for A–D.
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Figure 10. 
Measurements of synaptic contacts formed between tyrosine hydroxylase (TH)+ neurites in 

the VM graft and synaptopodin (SP)+ dendritic spines of host MSNs in young, middle aged, 

and aged rats. (A) The SP contact density (i.e.: the number of contacts with SP+ spines per 

10µm TH+ neurite) was greater for young VM grafted vs. middle aged and aged VM grafted 

rats. The asterisk denotes p<0.05 for the indicated comparison. (B) The SP contact density 

per surviving grafted dopaminergic neuron was greater for young VM grafted vs. middle 

aged and aged VM grafted rats. The double asterisk denotes p < 0.01 for the indicated 

comparison. (C) The SP contact density per percent reduction in LID severity post grafting 

was greater for young VM grafted vs. middle aged and aged VM grafted rats. The asterisk 

denotes p < 0.05 for the indicated comparison. (D–F) Representative photomicrographs of 

dual-label immunohistochemistry for DA neurites (TH, green) and spines of host MSNs (SP, 

red) in young (D), middle (E), and aged (F) VM grafted rats. (D’-F’) Enlarged images show 

the number of presumed synaptic contacts (arrows) formed between TH+ neurites and SP+ 

spines.
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