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Abstract
Graft-induced dyskinesias (GIDs), side-effects found in clinical grafting trials for Parkinson’s disease
(PD), may be associated with the withdrawal of immunosuppression. The goal of this study was to
determine the role of the immune response in GIDs. We examined levodopa-induced dyskinesias
(LIDs), GIDs-like behaviors, and synaptic ultrastructure in levodopa-treated, grafted, parkinsonian
rats with mild (sham), moderate (allografts) or high (allografts plus peripheral spleen cell injections)
immune activation. Grafts attenuated amphetamine-induced rotations and LIDs, but two abnormal
motor syndromes (tapping stereotypy, litter retrieval/chewing) emerged and increased with
escalating immune activation. Immunohistochemical analyses confirmed immune activation and
graft survival. Ultrastructural analyses showed increases in tyrosine hydroxylase-positive (TH+) axo-
dendritic synapses, TH+ asymmetric specializations, and non-TH+ perforated synapses in grafted,
compared to intact, striata. These features were exacerbated in rats with the highest immune activation
and correlated statistically with GIDs-like behaviors, suggesting immune-mediated aberrant
synaptology may contribute to graft-induced aberrant behaviors.
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Introduction
A major set-back to embryonic dopaminergic grafting trials in Parkinson’s disease (PD)
patients has been the development of troublesome post-graft abnormal involuntary movements
in as many as 50% of trial participants (Hagell et al., 2002; Olanow et al., 2003). These so-
called graft-induced dyskinesias (GIDs) have characteristics largely unique from common
levodopa-induced dyskinesias (LIDs) and appear to more closely resemble biphasic drug-
induced dyskinesias (Cenci and Hagell, 2005), often involving stereotypy and hyperkinesia
and localized to either upper or lower extremities (Olanow et al., 2003; Hagell et al., 2002).
This is in contrast to peak-dose LIDs, which are more widespread (involving both pair of
extremities) and primarily dystonic and choreic (Fahn et al., 2000). Unlike peak dose LIDs,
GIDs are most commonly noted when plasma levodopa levels are low. An animal model of
GIDs has recently been reported (Steece-Collier et al., 2003; Maries et al., 2006; Lane et al.,
2006; Carlsson et al., 2006). While differences exist between clinical GIDs and the rat model,
in both humans (Freed et al., 2001; Hagell et al., 2002; Olanow et al., 2003) and animals
(Maries et al., 2006), grafting embryonic dopaminergic neurons into the parkinsonian striatum
can result in the development of novel, aberrant motor behaviors at extended post-graft
intervals.

Clinical observations suggest a link between the host immune system and GIDs. Specifically,
GIDs were reported in patients that received no immunsuppression (Freed et al., 2001) or soon
after the withdrawal of immunosuppression (Olanow et al., 2003; Hagell and Cenci, 2005). In
two patients displaying GIDs, post-mortem examination showed that the surviving grafts were
surrounded by activated microglia (Olanow et al., 2003). This coincidence of GIDs
development and immunosuppression withdrawal suggests the host immune response
contributes to the development of these behaviors following dopaminergic grafting in the
parkinsonian brain; however, this hypothesis remains to be tested.

An immune-mediated alteration in synapses is a possible explanation for the emergence of
GIDs (e.g.: Tonelli et al., 2005). Indeed, synaptic remodeling is a key feature of neuroleptic-
induced dyskinesias (Meredith et al., 2000), indicating a direct link between synaptic structural
changes and dyskinesias. The dendrites of medium spiny neurons (MSNs) are densely covered
with spines, which are the primary targets of afferent, cortical glutamatergic and nigral
dopaminergic neurons (Bolam, 1984; Freund et al., 1984). There is evidence from earlier
studies that striatal dopaminergic grafts that reinnervate the host form aberrant connections
with these MSNs (Freund et al., 1985; Mahalik et al., 1985; Clarke et al., 1988; Leranth et al.,
1998). However, none of these studies examined the potential importance of these or other
synaptic changes in the graft-host relationship over time, or in the emergence of abnormal
behaviors.

We examined varying levels of immune activation on striatal synaptic organization in a well-
characterized rat allograft model (Duan et al., 1995a; 1995b; 1997), as a first step in
understanding whether immune cells impact the ultrastructural characteristics of new synapses
from grafts or existing host terminals. We then correlated changes in the synaptic organization
with GIDs in these rats.

MATERIALS & METHODS
Animals

Adult male Sprague Dawley rats (225–250g at the start of the study) were kept on a 12-hour
light-dark cycle with ad libitum food and water. The rats were housed and treated according
to the rules and regulations of NIH and Institutional Guidelines on the Care and Use of Animals.
To correlate host immune response severity with the severity and frequency of dyskinesias,
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rats were placed into 1 of 3 groups of varying immune status: 1) minimal immune response
(sham-grafted rats; n=16), 2) moderate immune response (rats receiving allografts and
sacrificed at 21 weeks post-grafting; “G21”; n=8), and 3) high immune response (allografted
rats receiving secondary immune challenges with peripheral spleen cell injections on weeks
10 and 18 post-grafting; “G21 + spleen”; n=9). All rats in groups 1–3 were sacrificed at 21
weeks post-grafting. A fourth group of allografted rats was sacrificed at 10 weeks post-grafting
(“G10”; n=10) to provide baseline information for this earlier post-graft time-point, prior to
any spleen cell injections. Additionally, behavior from a previously studied group displaying
a mild immune response was also analyzed (syngeneic-grafted rats where donor and host were
of the same strain (Fisher 344), had identical experimental lesion and graft parameters, and
were sacrificed on week 10 post-grafting; n=10). The groups and the timeline of surgeries and
treatments are shown in Figure 1.

Nigrostriatal lesions
Rats were anesthetized with a chloropent solution and secured in a stereotaxic apparatus. Two
μl of 6-hydroxydopamine (6-OHDA; 6μg free base/3μl 0.02% ascorbate made in sterile saline)
was injected at a flow rate of 1μl/min using a Hamilton 26 gauge needle to 2 sites unilaterally
(to the medial forebrain bundle; A/P= 4.8mm, M/L= 1.7mm from bregma, D/V= 7.5mm from
dura, and substantia nigra; A/P= 4.3, M/L= 1.2mm from bregma, D/V= 7.5mm from dura).

Amphetamine-induced rotational behavior
For behavioral assessment of lesion success and graft efficacy, amphetamine-induced
rotational analyses were performed on week -4 (2 weeks following lesion, 4 weeks prior to
neural grafting), and weeks 9, 16 and 20 post-grafting. Rats received intraperitoneal injections
of amphetamine sulfate (5mg/kg) and rotational behavior was quantified for 90 minutes post-
injection using automated rotometers. Rats that displayed more than 7 turns per minute were
determined to have sustained approximately 90% nigral dopaminergic cell loss and were
included in the study.

Levodopa treatment
To induce LIDs, 2 weeks post-lesion, rats received intraperitoneal injections of levodopa and
the peripheral decarboxylase inhibitor, benserazide (one week of 25mg/kg levodopa; 25mg/kg
benserazide followed by three weeks of 12.5mg/kg levodopa; 12.5mg/kg benserazide) in sterile
injection saline daily at approximately the same time of the day (Monday-Friday). Following
grafting, levodopa was withheld for 7 days to prevent any potential toxic effects to grafted cells
by levodopa. Following this “drug holiday”, rats resumed daily treatments (5 days per week;
12.5mg/kg levodopa; 12.5mg/kg benserazide) for the duration of the study.

Fetal mesencephalic allograft preparation
Embryonic cells of the ventral mesencephalon were obtained from embryonic day 14 (crown-
rump length of 10.5 to 11.5 mm) Lewis rats for allografts using micro-dissection techniques
and tissue was prepared as previously described (Maries et al., 2006). Final suspensions for
transplantation were prepared at an approximate density of 125,000 cells/μl Neurobasal media
(Invitrogen).

Fetal mesencephalic allograft injections
Rats were anesthetized with a chloropent solution and secured in a stereotaxic apparatus. Two
μl of cell suspension (~250,000 cells total per site) were injected into 2 sites in the striatum
(site 1: A/P= 1.6, M/L= 3.2 from bregma, D/V= 4.5 from dura; site 2: A/P= 0.5, M/L= 3.5 from
bregma, D/V= 4.5 from dura) at flow rate of 0.5μl/minute using a Hamilton 26 gauge needle.
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Sham-grafted rats received equal volumes of the cell-free suspension media. For all grafts, the
needle was left in place for 3 minutes following deposition of tissue or vehicle.

Dyskinesia rating
Abnormal involuntary movements or posturing associated with levodopa or graft treatment,
are referred to in this text as dyskinesias. Dyskinesias observed in levodopa-treated
parkinsonian rats included dystonic and hyperkinetic behaviors. Dystonic behaviors were
characterized by abnormal muscle tone, which was noted as excessive stiffness and rigidity,
and/or abnormal posturing of the neck, trunk, right forepaw and/or right hindpaw. Hyperkinetic
dyskinesias consisted of vacuous chewing and/or protrusion of the tongue (orolingual),
repetitive, rhythmic bobbing of the head and neck (head-bob) and stereotypic and/or chorea-
like movements of the right forepaw (right forepaw dyskinesia: RFPD). Dyskinetic behaviors
were scored by an observer blinded to treatment group 3 days per week, Wednesday through
Friday. Each rat was observed for 2 minutes precisely 30 minutes following levodopa
treatment.

A cumulative score for total LIDs was obtained through the summation of the frequency (0–
3, with 0= no expression, 1= expression less than 50% of the time, 2= expression more than
50% of the time and 3= constant expression) and the intensity (0–3, with 0= no expression, 1=
mild expression, 2= moderate expression, 3= severe expression) of the individual scores.
Additionally, rats were rated for novel dyskinetic behaviors that emerged with graft maturation.
These included two similar but distinct behaviors involving orolingual and contralateral
forelimb behaviors. The first was a compulsive tapping or pushing of cage litter with the
forelimb contralateral to the graft (tapping dyskinesia), and a second was a ‘goal directed’,
stereotypic retrieving of litter with the forepaw contralateral to graft and/or chewing of the
litter, termed here as facial forelimb dyskinesia. A cumulative score for total GIDs-like
behaviors was obtained with the same frequency rating, but intensity was rated as either absent
(score= 0) or present (score= 1).

For all behaviors observed, the intensity and the frequency were quantified simultaneously.
The product of the intensity and frequency scores provided a final “severity” score, which was
obtained daily for each behavior and averaged to provide a weekly score. A detailed description
of this rating scale is reported elsewhere (Steece-Collier et al., 2003; Maries et al., 2006).

Peripheral spleen cell injections
The delivery of peripheral immunogeneic spleen cell injections has been shown to exacerbate
immune activation in allografted rats (e.g.: Duan et al., 1997). In order to enhance the host
immune response in a subset of allografted rats in our study, designated subjects received a
subcutaneous injection of Lewis rat donor-derived spleen cells (1,000,000 total cells per
injection; 25,000/μl). Spleen cells were administered at week 10, and again at week 18, post-
grafting.

Tyrosine hydroxylase immunohistochemistry
Rats used for the evaluation of immunohistochemistry were sacrificed 21 weeks post-grafting
by transcardial perfusion with 0.9% saline followed by cold 4% paraformaldehyde, pH 7.6 at
4°C. The brains were removed, post-fixed in paraformaldehyde for 24 hours, followed by
immersion in 30% sucrose solution until saturated. Brains were sectioned in the coronal plane
on a freezing microtome into sections 35 μm thick. Brains were serially sectioned into 6 sets
per brain and stored at −20°C in cryoprotective solution until ready for analysis.

Every sixth coronal section was stained with antisera against tyrosine hydroxylase (TH) to
visualize grafted dopaminergic cells. Sections were incubated overnight at room temperature
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(RT) in 1:4000 monoclonal anti-TH primary antibodies (Chemicon Inc., CA). The following
day sections were rinsed and then incubated for 2.5 hours in 1:400 goat anti-mouse IgG
biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) and developed using
0.05% 3,3-diaminobenzidine tetrahydrochloride (DAB) and 0.01% hydrogen peroxide.

To analyze graft survival, a total of 3 equally spaced TH-immunopositive (TH+) sections were
analyzed for each graft injection. Each was outlined at a magnification of 4× and TH+ cells
were counted at 60× with oil immersion. Each section was overlaid with a grid and cells were
counted in equally spaced counting frames using dedicated software (MicroBrightField
Williston, VT). A total number of grafted neurons was estimated from this semi-quantitative
method.

MHC class II immunohistochemistry
Every sixth striatal section was immunoreacted with antisera against the major
histocompatability (MHC) class II molecule to visualize antigen-presenting cells as a measure
of immune activation. Sections were incubated overnight at RT in 1:500 monoclonal mouse
anti-MHC class II primary antisera (Serotec, Raleigh, NC). The following day sections were
rinsed and then incubated for 2.5 hours in 1:1000 biotinylated goat anti-mouse secondary
antibody (Vector Laboratories, Burlingame, CA) and avidin biotin complex (ABC Kit, Vector
Laboratories, Burlingame, CA) and developed using DAB.

Stereology
To analyze the host immune response, MHC class II+ cells were counted using unbiased
stereology with the optical fractionator method (Gundersen, 1986). After a random start, every
sixth section was selected for analysis for each rat. Anatomical boundaries for the striatum
were delineated with the aid of an atlas (Paxinos) and included only the dorsal striatum. The
entire rostral caudal extent of the striatum was analyzed with hardware and software dedicated
to stereology (StereoInvestigator, MicroBrightField Williston, VT). A systematic random
sample of cells was achieved by positioning a sampling grid over the striatum on each of the
selected sections. The grid was divided into counting frames of 50 × 50 μm that were equidistant
from one another. Their number was established so that no more than 200 cells were counted
for each rat. Optical disector counting rules were applied to estimate the total number of cells
in each disector volume. The volume of the striatum was calculated following the rules of
Cavalieri.

Electron microscopy (EM)
Allografted rats used for ultrastructural analyses were sacrificed at weeks 10 (baseline) or 21,
post-grafting, by transcardial perfusion with 0.1M phosphate-buffered saline (0.1M PBS)
followed by 4% paraformaldehyde and 0.1% glutaraldehyde in PB. Brains were post-fixed for
2 hours at 4°C in the same fixative without glutaraldehyde. Brains were washed thoroughly in
PB, and sections were cut in the horizontal plane at 60μm thickness on a Vibratome (The
Vibratome Company, St. Louis, MO).

TH immunohistochemistry for EM
Sections were collected in 0.1M PB and alternate sections of the striatum from the intact and
dopamine-depleted hemispheres were submitted to a “freeze-thaw” regimen (Meredith et al.,
2000) before incubation with antisera against TH (1:2000; Immunostar, Hudson, WI) for 16–
20 h at 4oC. Sections were then rinsed and incubated in biotinylated goat anti-mouse IgG
(Vector Laboratories, Cupertino, CA) for 2 hours at RT and then placed in ABC (Elite kit,
Vector Laboratories) according to the manufacturer’s instructions. Sections were then rinsed
and reacted with DAB. They were then flattened onto glass slides and covered with 1% osmium
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tetroxide (in 0.1% cacodylate buffer, pH 6.8) for 45 min, dehydrated through a graded ethanol
series, including 40 minutes in a saturated solution of uranyl acetate in 70% ethanol, and
embedded in resin (EMBED-812, Electron Microscopy Sciences, Ft. Washington, PA).

Ultrastructural analysis
Sections were flat mounted between 2 rectangular sheets of ACLAR plastic onto a glass slide.
Small weights compressed the section “sandwich” during curing in a 60oC oven for 3 days.
Sections were viewed under a dissection microscope and the outline of the striatum was drawn
and graft locations were marked. The top plastic layer was removed and 2–4 small pieces of
tissue from the striatum were excised and mounted onto pre-formed resin blocks using fresh
resin. These blocks were then re-sectioned using an ultramicrotome (Ultracut E, Leica, Wetzler,
Germany) at 60–70 nm (silver) and serial sections were collected onto slot, pioloform-coated,
copper grids. The sections were contrasted with 1% lead citrate and examined in a JEOL 1230
JEM electron microscope. Blocks were taken from 2 horizontal sections of the dopamine-
depleted grafted or intact striata, of 14 animals (4–5 rats/group). Images of TH+ and unstained
asymmetric synapses were digitally captured (Multiscan, Gatan, Warrendale, PA) at 80kV and
25,000× and again at 60,000× for analysis. Micrographs were created from files imported as
TIFFs into Adobe Photoshop, adjusted for contrast, re-sized, and assembled into plates.

Synapses were identified on the basis of the presence of vesicles in the presynaptic bouton
close to the cleft, and thickened, parallel membranes (active zone). Postsynaptic structures and
specializations were identified according to descriptions in Peters et al. (1991). Each perikaryon
had an identifiable nucleus and cytoplasm with typical organelles. Dendrites had smooth
contours and contained mitochondria, microtubules and rough endoplasmic reticulum. Spines
were small structures identified by a spine apparatus, when visible in the plane of section.
However, if the apparatus was not apparent, small structures were classified as spines if they
lacked the organelles found in dendrites and contained an easily identified, unlabeled
asymmetric input. Synapses were identified as asymmetric if the postsynaptic density was 2.5–
3 times the width of the presynaptic density (Groves et al., 1980). For the data presented,
approximately 10,000μm2 of tissue was examined.

Statistics
Pooled time series analysis was used for dyskinetic behaviors that had extensive temporal data.
This approach improves statistical efficiency for estimates of the populations being studied
over prolonged periods of time. Briefly, the number of time-points analyzed was reduced
through the averaging of non-significantly different time-points within groups as determined
by one-way analyses of variance (ANOVAs). The results of these groupings were a “pre-graft
maturation” time-point (the average of weeks −3 to −1 pre-grafting and week 2 post-grafting),
an “early post-grafting” time-point (the average of weeks 4, 6, 8 and 10 post-grafting), a “mid
post-grafting” time-point (the average of weeks 12, 14, 15, 16, 17 post-grafting) and a “late
post-grafting” time-point (the average of weeks 18, 19, 20 and 21 post-grafting).

A two-way repeated measures ANOVA was performed for each behavior, to assess the effects
of treatment, time, and treatment by time interaction. Significant differences of main effects
were determined using Bonferroni post-hoc analyses. On significant time-points of interest
(weeks 2, 4, 10 and 18 post-grafting) one-way ANOVAs were performed to determine any
effect of group for each behavior analyzed. Significant differences between groups were
determined using Tukey’s post-hoc analyses.

Differences in TH+ and MHC class II+ cell counts were determined using Student t-test
analyses and one-way ANOVAs followed by Tukey’s post-hoc analyses. Differences in active
zone lengths were determined using a one-way ANOVA followed by Newman-Keuls post-hoc
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analyses. Differences in postsynaptic targets and synaptic specializations were determined
using Chi Square (χ2) analyses at a level of significance at p= 0.05, two-tailed. Correlations
between ultrastructural, immunohistochemical and behavioral analyses were performed using
Spearman correlation tests.

Results
Behavioral analysis

Amphetamine-induced rotational behavior—Rats were observed 2 weeks following 6-
OHDA and again on weeks 9, 16 and 20 post-grafting to determine lesion success and post-
graft behavioral recovery. Two weeks post-lesion (pre-graft), rats in all groups showed a similar
severity in amphetamine-induced contralateral turns per 90 minutes (F2,30= 0.62, p= 0.55;
Sham: 852.88 ± 87.47; Allograft: 714.50 ± 67.85; G21 Allograft + spleen: 841.33 ± 88.90).
However, by week 9 post-grafting, all dopamine-grafted groups showed significant
improvements compared to sham groups (F2,30= 21.25, p< 0.001; Sham: 871.63 ± 121.44;
Allograft: 16.25 ± 187.83; Allograft + spleen: −245.56 ± 77.88) that were sustained throughout
the experiment (week 20 post-grafting: F2,30= 13.89, p< 0.001; Sham: 836.44 ± 107.86;
Allograft: −73.25 ± 225.03; Allograft + spleen: −111.89 ± 169.96) and were not altered by the
delivery of a secondary immune challenge (Allograft vs. Allograft + spleen: p= 0.99).

Levodopa-induced dyskinesias—Dyskinetic posturing and movements were observed
at time-points prior to and following grafting to determine the effects of grafting and immune
status on classic LIDs (i.e., those noted prior to grafting or in non-grafted rats). Four weeks
following the delivery of embryonic grafts to the dopamine-depleted striatum all dopamine-
grafted rats showed a significant attenuation of total LIDs relative to rats receiving sham grafts
(week 4 post-grafting: F2,30= 8.81; Fig 2A). While all allografted rats showed a stable
significant reduction in these LIDs-like behaviors post-grafting, allograft + spleen rats showed
an additional transient trend towards further reduction following the second spleen cell
injection when compared to sham rats (week 18 post-grafting: F2,30= 13.41; Fig 2A).

Graft-induced dyskinesias—Rats were observed prior to and following grafting to
examine the impact of implantation of embryonic dopaminergic neurons into the parkinsonian
striatum and the level of host immune response on the development of novel aberrant behaviors.
All allografted Sprague Dawley rats receiving tissue from Lewis donors developed significant
levels of two novel abnormal motor stereotypies - contralateral forelimb tapping dyskinesia
and forelimb-facial dyskinesia - in the weeks following grafting. As we have reported
previously (Maries et al., 2006), maturation of grafted dopaminergic neurons in parkinsonian
rats is associated with the attenuation of LIDs, and the emergence of these graft-associated
aberrant behaviors. In the current study, the severity of total GIDs behavior (tapping dyskinesia
+ forelimb facial dyskinesia) in all allografted rats was noted to develop to significant levels
compared to sham rats at week 4 post-grafting (F2,30= 12.11; Fig 2B). These graft-related
aberrant behaviors were distinct from typical pre-graft LIDs behavior in both form and time
course, and were characterized by their focal (localized to the forepaw contralateral to the graft
and/or face) and stereotypic manifestation. In all allografted rats, these behaviors occurred
following dopaminergic neuron transplantation and were never seen prior to grafting.

To determine whether these post-graft aberrant motor behaviors were affected by host immune
status, the severity of these behaviors was compared between sham-grafted (low-to-no immune
response), allografted rats (G21; moderate immune response) and allografted rats plus
secondary spleen challenge (G21 + spleen; high immune response). Statistical analyses
determined that there was a significant, but transient enhancement of tapping dyskinesia
behavior following spleen cell delivery in rats receiving a secondary immune response
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compared to G21 alone rats (week 10: F2,30= 18.34; week 18: F2,30= 12.11; Fig 2C). There
was no overall significant difference in the severity of forelimb facial dyskinesia between G21
and G21 + spleen rats. Further, it is noteworthy that these aberrant post-graft motor behaviors
failed to show significant development in syngeneic-grafted rats run in tandem with the current
allogeneic rats under an identical grafting paradigm, but sacrificed for a separate experiment
(Fig 2D).

Dopaminergic grafts and the host immune response
Dopaminergic grafts: gross and ultrastructure evaluations—Grafted neurons were
easily identified in the light microscope by their intense TH-antibody staining of cell bodies
and neurites (Fig 3). In the allografted striatum, in the absence of a secondary spleen cell
challenge, there was robust survival of TH+ cells, that was not different between weeks 10 and
21, post-grafting (t1,6= −0.26, p= 0.81; G10: 10,348.75 ± 843.28; G21: 11,433.98 ± 4165.98;
Fig 4A). Indeed, it is well established the greatest (80–95%) death of grafted TH+ neurons
occurs within the first 4 days post-grafting (Duan et al., 1995;Sortwell et al., 2001). In contrast,
while abundant survival of TH+ neurons was noted in the rats challenged with a spleen cell
injection, there was a 64.8% decrease in the total number of TH+ neurons in this group (G21
+ spleen: 3,830 ± 3486.06) compared to non-immune challenged rats. However, due to the
high variability intrinsic to allogeneic models and the low number of spleen challenged rats
prepared for immunohistochemistry, this difference was not statistically significant (t1,6=
1.909, p= 0.09; Fig 4A).

The cell bodies of grafted TH+ neurons were large with plentiful cytoplasm (Fig 5A). The
nucleus was round and, at the ultrastructural level, the nuclear envelope showed clear
indentations. The dendrites were smooth and unlabeled neurons were found in their vicinity
(Fig 5A). Fibers (Fig 5B) and punctae in the grafted striatum were considered to be outgrowths
from surviving grafted cells as the lesion protocol used in this experiment produces a nigral
cell loss of greater than 90% (Steece-Collier K, unpublished observation, 99.64% loss ± 0.13,
n=32,). The extent of TH+ fiber re-innervation extending from the grafts was less dense than
that of the intact hemisphere and diminished with increasing distance from the graft.

Host immune response—To confirm the immune status of grafted rats, we quantified the
number of MHC class II+ cells in the striatum. There was a significant difference in MHC
class II expression between all allografted groups (F3,12= 4.39; Fig 4B). In non-spleen cell
challenged rats, there was a non-significant change in the number (presumably due to high
inter-animal variability intrinsic to allogeneic models) MHC class II+ cells from week 10 to
week 21 post-grafting (G10: 351,937.98 ± 94,839; G21: 88,731.70 ± 43,601.10). In spleen cell
challenged rats, the elevated level of MHC class II+ cells seen at 10 weeks post-grafting was
maintained, with G21 + spleen rats showing a significantly elevated immune response
compared with allografted rats sacrificed at week 21 (G21 + spleen: 754,916.24 ± 203,022.02).
To examine the relationship of the host immune response to TH+ neuron loss between grafted
groups, a correlation analysis of the number of TH+ neurons to the number of MHC class II+
cells in the grafted striatum was performed. No significant correlation (r = −0.37; Fig 4C) was
found, suggesting a sub-lethal immune response in this particular allografted rat model.

Additional qualitative assessment at the EM level confirmed the presence of groups of
microglial cells in the grafted but not the intact hemisphere in rats receiving a secondary
immune challenge (G21 + spleen; Fig 5C). Further, secondary lysosomes were evident in the
cytoplasm of neurons or, occasionally, in the extracellular space of the grafted striatum in G21
+ spleen rats. These lysosomes were sometimes filled with membranes and dense proteinaceous
bodies indicating active removal of debris (Fig 5D).

Soderstrom et al. Page 8

Neurobiol Dis. Author manuscript; available in PMC 2010 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Synaptic characteristics following grafting
Synaptic connections of dopamine-grafted neurons—Electron microscopy was
employed to study synaptic architecture and connections in the grafted and intact hemispheres.
In both hemispheres, TH+ fibers were unmyelinated and densely filled with the flocculent
DAB reaction product. All TH+ terminals were filled with large, round and pleomorphic
vesicles (Fig 6A–B), while dense core vesicles were rarely seen (Fig 6A). Many TH+ synapses
were formed en passant, typical of monoaminergic endings. As expected, there were many,
unlabeled, asymmetric contacts, primarily with spines, in the intact as well as grafted striata
(Fig 6A).

In the intact hemisphere, the majority of TH+ endings formed typical arrangements as
symmetric inputs onto the necks of dendritic spines (spine contacts: 53.65% ± 3.25, dendritic
contacts: 38.00% ± 4.86; Fig 6A–B, F), however, there was a significant change in the
distribution of synaptic targets in the grafted striatum with terminals contacting significantly
more dendrites than spines (χ2= 50.683, df= 6; Fig 6C–D, F). Additionally, the distribution of
synaptic targets differed significantly between allografted groups (χ2= 37.268, df= 4).
Specifically, TH+ boutons in G10 rats had equal numbers of contacts onto spines and dendrites
(spine contacts: 47.02% ± 4.96; dendritic contracts: 47.98% ± 5.08), but as allografts matured
(G21: spines: 34.21% ± 12.11, dendrites: 40.79% ± 14.19) the proportion of TH+ contacts onto
dendrites increased significantly (G10 vs. G21: χ2= 15.970, 2 df; Fig 6F).

To determine if the host immune response further exacerbated these synaptic changes, we
compared these findings to rats challenged with spleen cell injections. Indeed, a secondary
immune challenge (G21 + spleen: spine contacts: 18.51% ± 11.23, dendritic contacts: 71.48%
± 12.37) was associated with an even greater (significant) proportion of TH+ synapses
contacting dendrites compared to spines (G21 vs. G21+ spleen: χ2= 18.710, 2 df; Fig 6F).

Changes in the symmetry and the active zone length of synapses are also thought to reflect
changes in synaptic function and organization (Anglade et al., 1996; Leranth et al., 1998;
Meredith et al., 2000). Accordingly, we quantified the symmetry of the TH+ synapses and
measured their active zone lengths. Asymmetric contacts are unusual for TH terminals, which
normally form symmetric specializations (Freund et al., 1984). The current study indicates that
the proportion of asymmetric to symmetric synapses does not change following allografting,
however, allografted groups did differ from one another (χ2= 36.50, df= 2) with the proportion
of asymmetric synapses increasing over time (G10 vs. G21: χ2=8.63, df= 1) and following an
enhanced host immune response (G21 vs. G21 + spleen: χ2=8.95, df= 1; percent of TH+
asymmetric synapses: G10: 4% ± 4, G21: 18% ± 11%, G21 + spleen: 38% ± 6; Fig 6G).

The mean active zone length of TH+ synapses in the grafted striata was significantly increased
in all allograft striata compared to the intact sides (F5,140= 5.549, p< 0.05; G10: 0.29μm ±
0.024, G21: 0.23μm ± 0.015, G21 + spleen: 0.25μm ± 0.022). However, immune activation
did not appear to play a role in these changes as the mean active zone length of TH+ synapses
in the grafted striata did not differ across groups (F2,88= 4.821, p= 0.03; G10: 0.18μm ± 0.014,
G21: 0.19μm ± 0.006, G21 + spleen: 0.21μm ± 0.01).

Synaptic input onto grafted cells—Synaptic inputs onto TH+ cell bodies and proximal
dendrites were unlabeled, indicating that the inputs were not dopaminergic (Fig 7A–C). These
synapses were primarily symmetric at early post-graft time points (percent of asymmetric
contacts onto TH+ neurons; G10: 19.39% ± 13.57) and predominantly asymmetric with graft
maturation (percent asymmetric contacts onto TH+ neurons: G21: 61.28% ± 7.95, G21 +
spleen: 67.95 ± 16.06; Fig 7D).
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Non-Dopaminergic Synaptic Changes Following Grafting—Quantitative analysis of
asymmetric non-TH+ terminals showed a marked and significant change in the post-synaptic
target of these synapses, i.e. from spine to dendritic shaft in the grafted hemisphere (χ2= 26.80,
df= 3). Specifically, in the intact striatum, over 80% of asymmetric synapses contacted spines
with the remaining synapses contacting dendrites (spine contacts: 80.57% ± 2.15, dendritic
contacts: 19.43% ± 2.15). In contrast, asymmetric synapses in the grafted striatum showed a
significant decrease in axo-spinous contacts and a corresponding increase in axo-dendritic
synapses (G10: spine contacts: 59.56% ± 10.08, dendritic contacts: 40.44% ± 10.08; G21: spine
contacts: 74.60% ± 5.42, dendritic contacts: 25.40% ± 5.42; G21 + spleen: spine contacts:
50.09% ± 4.86, dendritic contacts: 49.91% ± 4.86 Figure 8A). The distribution of non TH+
targets also differed significantly amongst allografted groups (χ2=13.40, df= 2). Interestingly,
this change in relative distribution of spine and shaft synapses appeared to be related to immune
activation, as rats with increased MHC class II expression (G10 and G21 + spleen rats) had a
significantly greater percentage of contacts onto dendrites than spines compared with rats with
a lesser immune activation (G21 rats; G10 vs. G21: χ2= 4.47, df= 1, G21+ spleen vs. G21:
χ2=12.29, df= 1; Fig 8C).

Interestingly, the proportion of perforated asymmetric synapses increased in the grafted striata
compared to the intact hemisphere (percent of perforated contacts: intact hemisphere (average):
11.77% ± 1.48, G10: 13.82% ± 4.62, G21: 13.60% ± 3.90, G21 + spleen: 20.65% ± 2.49).
Perforated synapses, generally associated with increased neural activity, also differed
significantly between grafted groups (χ2= 56.20, df= 2) with the proportion of perforated
synapses increasing with the increased immune response (G10 vs. G21 + spleen: χ2= 46.87,
df= 1) but not with graft maturation (G10 vs. G21: χ2=35.02, df= 1; Fig 8D).

Synaptic alterations correlate with novel dyskinesias—Correlation analyses were
performed to determine if any of the synaptic changes observed in rats of varying immune
status were associated with GIDs occurrence or severity (Table 1). Overall, there were
significant correlations between certain changes in synaptic features and particular aspects of
GIDs-like behaviors. First, tapping dyskinesia was negatively correlated with the proportion
of TH+ synapses onto dendritic spines (r= −0.65; Fig 9); that is, the fewer the axo-spinous
contacts, the greater the degree of tapping dyskinesias. Second, total GIDs severity showed a
significant positive correlation with the proportion of asymmetric synapses onto TH+ grafted
cells (r= 0.73; Fig 10). Third, an increase in the percent of non-TH+, asymmetric, perforated
synapses correlated significantly with an increase in the occurrence of total GIDs severity (r=
0.57; Fig 11).

The correlation between the percent of atypical asymmetric contacts made by TH+ contacts
onto host neurons and total GIDs severity showed a positive trend, but a statistically significant
correlation was not found. Likewise, the change in non-TH+ asymmetric synaptic targets (i.e.:
spine versus dendrite) did not correlate significantly with any of the observed behaviors. Taken
together, the significant correlations found in this study support the hypothesis that specific
aberrant synaptic features found following activation of the host immune response in
allografted rats modulate the occurrence of GIDs.

Discussion
This study is the first to demonstrate that aberrant synaptic features in the parkinsonian striatum
of rats following dopaminergic cell grafting are associated with the expression of graft-
mediated motor dysfunction. While abnormalities in the synaptic connections of grafted
dopaminergic neurons have previously been documented (e.g. Freund et al., 1985; Mahalik et
al., 1985, Leranth et al., 1998), the biological contributors to this reorganization and behavioral
consequences remain obscure. We show that allografted dopaminergic neurons, in the presence
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of an elevated host immune response, show significant increases in aberrant synaptic features
(summarized in table 1 and figure 13), many of which correlate statistically with the severity
of graft-induced behaviors. These data suggest that synaptic reorganization contributes to the
evolution of aberrant motor behaviors and is associated with the host immune response.

Dichotomy of Dopaminergic Grafts
In patients, dopaminergic grafts decrease LIDs while inducing GIDs (Freed et al., 2001; Hagell
et al., 2002; Olanow et al., 2003). Recent studies have demonstrated the ability to recapitulate
some aspects of GIDs in a parkinsonian rat model (Steece-Collier et al., 2003; Maries et al.,
2006; Lane et al., 2006; Carlsson et al., 2006). While differences exist between GIDs in clinical
trials and the rat model, in both these behaviors emerge with graft maturation, tend to be focal
and stereotypic, and increase in expression despite decreased LIDs (Hagell et al., 2002; Olanow
et al., 2003; Maries et al., 2006; Lane et al., 2006). In the present study, the number of surviving,
grafted TH+ cells correlated with a reduction in LIDs, a finding similar to that of Lane and
colleagues (2006), but not with the severity of GIDs. Indeed, there was a trend towards a further
reduction in LIDs after a second spleen cell injection, which could be related to trophic
influences of some immune factors. Moreover, LIDs were not correlated with any observed
synaptic feature, whereas GIDs were significantly correlated with atypical synaptic
connections between graft and host tissues (Fig. 12). The differential relationship of these two
behavioral abnormalities to select post-graft parameters supports the hypothesis that LIDs and
GIDs represent distinct neurological entities (Hagell and Cenci, 2005), with distinct underlying
mechanisms.

Synaptic Reorganization and Behavioral Consequences
Dopaminergic terminals in the normal striatum predominantly synapse onto the neck, and
glutamatergic endings onto the head, of dendritic spines (Freund et al., 1984; Groves et al.,
1980). Dopamine depletion leads to a significant loss of dendritic spines (McNeill et al.,
1988; Ingham et al., 1998; Zaja-Milatovic et al., 2005; Stephens et al., 2005; Day et al.,
2006); thus, it is not surprising that grafted dopaminergic neurons form new synapses with
dendrites more often than spines (Freund et al., 1985, Mahalik et al., 1985, Bolam et al.,
1988, Clarke et al., 1989, Stromberg et al., 1990, Triarhou et al., 1990). In the current study,
we find that this change in target is enhanced with immune activation and statistically correlates
with graft-induced motor abnormalities.

Symmetric specializations are classically associated with inhibitory, and asymmetric with
excitatory, neurotransmission (Peters and Palay, 1996). Striatal dopaminergic terminals
predominantly make symmetric, but rarely asymmetric synapses (Freund et al., 1984). In the
current study, the proportion of TH+ synapses making asymmetric specialization was
significantly increased in the allografted parkinsonian striatum. The idea that dopaminergic
neurons make two morphologically distinct types of synapses has been extensively debated
(Hattori 1993; Groves et al., 1994; Sulzer et al., 1998). Several lines of evidence have
demonstrated that central monoaminergic neurons including nigral dopaminergic neurons in
rat and monkey brain are capable of glutamatergic co-transmission (reviewed in Sulzer et al.,
1998). Indeed, stimulation of single, dopaminergic neurons in microculture can evoke calcium-
dependent excitatory postsynaptic potentials (Sulzer et al., 1998). An increase in the number
of asymmetric synapses formed by grafted dopaminergic neurons, also seen in the grafted
parkinsonian monkey striatum (Leranth et al., 1998), could further alter striatal activity within
grafted regions.

Excitatory asymmetric synapses in striatum are critical for learning and adaptive or goal-
directed motor behaviors, but can also underlie pathological learning associated with
dyskinesias and/or motor tics (Picconi et al., 2003; Mink, 2003). In the current study, unlabeled

Soderstrom et al. Page 11

Neurobiol Dis. Author manuscript; available in PMC 2010 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



asymmetric synapses contacted the cell bodies and proximal dendrites of the grafted cells. Such
connections were correlated statistically with an increased incidence of GIDs-like behaviors.
These synapses may be new corticostriatal endings (Arbuthnott et al., 1985; Fisher et al.,
1991), that would be expected to stimulate grafted cells, potentially accounting for the irregular
spontaneous discharge and fast firing rate of grafted dopaminergic neurons (Trulson and
Hosseini, 1987; Fisher et al., 1991).

The current study also demonstrated an increase in perforated, asymmetric synapses, which
correlated statistically with GIDs-like behaviors. Perforated synapses are associated with
elevated excitatory activity and long-term potentiation (LTP; Marrone and Petit, 2002), a form
of synaptic plasticity dysregulated in dyskinesia. In PD patients (Morgante et al., 2006; Picconi
et al., 2008) and parkinsonian rats (Picconi et al., 2005), LTP plasticity is deficient. Levodopa
administration results in the recovery of striatal LTP, however, restoration of synaptic
depotentiation, a process that reverses LTP and is required to “erase redundant information”,
is deficient in dyskinetic subjects (e.g.: Picconi et al., 2005). It is possible that increased
perforated synapses in the allografted striatum represent aberrant LTP-related plasticity that
promote dyskinesias.

Potential mechanisms
The continued survival of allografted TH+ cells and attenuation of LIDs in the presence of an
activated host immune response suggests that immune-mediated behavioral and synaptic
modifications occurred through sub-lethal effects as opposed to an outright loss of grafted cells.
However, some degree of sub-lethal toxicity could have resulted in the development of graft-
derived dopaminergic “hot-spots”. Our lab has previously reported that focal, but not
widespread, dopaminergic grafts induced expression of GIDs-type behaviors in parkinsonian
rats (Maries et al., 2006). In the present study, hotspots of dopaminergic activity could have
resulted from the large complement of host, asymmetric synapses innervating the perisomatic
regions of the TH+ grafted cells. Further, excessive, localized excitatory signaling could have
been enhanced through the increased number of asymmetric synapses made by grafted TH+
cells onto host neurons. Additionally, recent studies showed that inflammation elicits aberrant
cellular responses thorough inappropriate signaling. Specifically, dimerization of cytokine
receptors leads to receptor-receptor interactions with dopaminergic neurons and subsequent
aberrant signaling (e.g. Fuxe et al., 2008). However, our findings that GIDs-like behaviors
occurred only in dopamine-grafted rats, and not in cell-free, sham-grafted rats, despite the
presence of equal numbers of MHC class II+ cells in sham and G21 rats, suggests that the
impact of host immune factors are more likely to be related to graft-host synaptic organization
than to a direct action on host signaling pathways.

There is strong evidence to support a role for pro-inflammatory factors in synaptic plasticity
of neural circuits under normal and pathological conditions (see Leonardo et al., 2005 for
review). Inflammatory cytokines have been linked to increased induction of activation-
associated genes, including components of the AP-1 family of transcription factors (Kyriakis
et al., 1999), such as FosB/ΔFosB, a transcription factor upregulated in animal models of
dyskinesias (Cenci, 2002; Maries et al., 2006). Data from other models of inflammation have
shown elevated expression of genes involved in synaptogenesis (Yukhananov and Kissin,
2008), and microglial activation associated with synaptic stripping (Rasmussen et al., 2007).
Inflammation may therefore interfere with the formation of appropriate synaptic contacts by
grafted or host neurons. In our study, a hallmark feature of strengthened synapses, synaptic
perforation, was significantly increased in the grafted rats that developed GIDs. This finding
may be explained by the actions of the inflammatory cytokine, tumor necrosis factor alpha
(TNFα), which triggers long-lasting increases in synaptic strength and influences AMPA
receptor trafficking (Beattie et al., 2002; Bains et al., 2007).
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The structural findings of the current study provide insight into a potential mechanistic link
that supports continued investigation into how, and which, immune factors mediate graft-host
interactions. In addition, it will be important to examine whether aberrant synaptic profiles,
suggestive in this study of excessive excitatory activity within the grafted striatum, are linked
to altered neuronal excitability that could give rise to aberrant focal output. It is well known
that localized stimulation of striatum results in focal output of stereotyped behavior, which is
dependent upon which area of striatum is stimulated (Mink 2003; Kelley et al. 1994).

Considerations for clinical grafting
The current study shows that the immune system is associated with the formation of aberrant
synaptic features between grafted dopaminergic neurons and host MSNs in a parkinsonian rat
model. These findings, in addition to abundant evidence supporting a role for pro-inflammatory
factors in synaptic plasticity (see Leonardo et al., 2005 for review), and the emergence of GIDs
in grafted PD patients following the withdrawal from immune suppression (Olanow et al.,
2003; Piccini et al., 2005), suggest that the role of the host immune system in cell replacement
therapies warrants further investigation. Additional factors, such as the loss of important input
targets for newly grafted cells (dendritic spines) could lead to aberrant host-graft connectivity,
suboptimal behavioral efficacy, and the generation of GIDs.
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Figure 1. Experimental Groups and Timeline
Rats were placed into 3 treatment groups; sham group (ungrafted), allografted group sacrificed
at 21 weeks (G21), and allografted group receiving peripheral spleen cells injections (G21 +
spleen) sacrificed at 21 weeks. An additional cohort of rats (N=8) was sacrificed at a 10-week
post-graft time point to serve for mid-point (pre-spleen) assessment of graft and immune cell
integrity. All rats received unilateral nigrostriatal 6-OHDA lesions, which were confirmed 2
weeks later with amphetamine-induced rotational testing. Rats were primed with levodopa 4
weeks prior to neural grafting (one week of a priming dose of 25mg/kg levodopa, 25mg/kg
benserazide, followed by 3 weeks of 12.5 mg/kg levodopa, 12.5mg/kg benserazide; once daily,
5 days a week). Rats were grafted 6 weeks following 6-OHDA. Levodopa treatment was
withheld from all rats for one week post-grafting followed by weekly delivery of 12.5mg/kg
levodopa, 12.5mg/kg benserazide once daily, 5 days a week for the remainder of the
experiment. G21 + spleen treated rats received peripheral, subcutaneous spleen cell injections
on weeks 10 and 18 post-grafting.
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Figure 2. Levodopa and Graft-induced Dyskinetic Behavioral Profiles
(A) Levodopa-induced dyskinesias (LIDs) for all groups over 21 weeks. A significant
difference was seen between both allografted groups and the sham group by week 4 post-
grafting (*p<0.05). Rats receiving peripheral spleen cell injections (G21+ spleen) showed a
trend toward greater improvement (p=0.053) in LIDs compared to rats receiving allografts
alone (G21) following secondary immune challenge. (B) Total graft-induced dyskinesias
(GIDs; tapping dyskinesias + facial forelimb dyskinesias) for all groups over 21 weeks. The
emergence of novel (e.g.: not seen prior to grafting) dyskinetic behaviors was noted in all
allografted rats and was significantly increased over sham treated rats by week 4 post-grafting
(*p<0.05). (C) Tapping dyskinesias phenotype showed a significant increase in all allografted
rats by 4 weeks post-grafting compared to sham-treated rats (*p<0.05). There was a further
augmentation in this behavioral phenotype in the G21 + spleen group, compared with G21
group on weeks 10 (+p=0.03) and 18 (++p=0.01) post-grafting. (D) Facial forelimb dyskinesias
phenotype showed a significant increase in all allografted rats at 4 weeks post-grafting
compared to sham-treated rats (*p<0.05). Syngeneic-grafted rats observed in a previous study
in our laboratory, undergoing the identical experimental protocol as used for allografted rats
in this study, failed to develop post-graft motor abnormalities (D).
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Figure 3. Tyrosine hydroxylase (TH, blue) and MHC class II molecule (MHC II, brown)
immunostained, coronal brain sections in the dopamine-depleted striatum
A) Sham treated rats showed an absence of TH innervation and sparse MHC class II expression.
B) Allografted rats sacrificed at 10 weeks post-grafting (G10) showed numerous TH+ cells as
well as moderate MHC class II expression at the site of the graft. C) Allografted rats sacrificed
on week 21 post-grafting (G21) showed abundant TH+ cells and a reduced expression MHC
class II expression compared to G10. D) Allografted rats receiving peripheral spleen cell
injections and sacrificed at 21 weeks (G21 + spleen) showed some remaining TH+ cells and
robust MHC class II expression. Scale bar in A represents 1mm and is valid for A–D.
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Figure 4. Tyrosine hydroxylase and MHC class II cell counts
(A) While there was approximately 50% fewer TH+ cells in the DA-depleted striatum of spleen
challenged allografted rats, there was no statistical difference between the allograft groups (p=
0.45). (B) The number of MHC class II+ cells in the DA-depleted striatum differed significantly
between groups (p=0.03) with G21 + spleen rats showing significantly more compared to G21
rats (*p< 0.05). (C) While there was a trend for higher numbers of MHC class II+ cells to be
associated with lower numbers of surviving TH+ cells this correlation was not statistically
significant (r=−0.37, p=0.06).
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Figure 5. Electron micrographs of the dopamine-depleted striatum illustrating the presence of
grafted dopaminergic neurons (A), fibers (B), and the host inflammatory response (C–D)
(A) Low power ultrastructure micrograph of a dopaminergic neuron showing close proximity
to a small interneuron (*), which can be identified by the deep indentations in the nuclear
envelop. Scale bar= 2μm. (B) Low power micrograph of a TH+ fiber coursing through the
extracellular space. (C) Low power micrograph of microglia (*) found in the striatum of a G21
+ spleen rat. (D) High power micrograph of a large secondary lysosome filled with debris,
dense protein, and parallel membranes. Scale bar in C= 2μm and D= 250nm.
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Figure 6. Electron micrographs of synaptic profiles in the intact and grafted striatum
A, B) In the intact hemisphere synapses formed typical arrangements with TH+ terminals
forming symmetric contacts (A: upper arrow, B: arrow) onto spines (A: upper arrow, B: arrow)
and non-TH+ asymmetric synapses (A: lower arrow) forming contacts onto the head of the
spine. Note the dense core vesicles in the TH+ terminal (A: asterisk). Scale bar for A and
B=100nm. C, D) In the grafted hemisphere TH+ synapses showed more atypical arrangements
sometimes forming asymmetric contacts (high power micrographs D and E: arrow and asterisk)
and often contacting dendrites as opposed to spines (low power micrograph C: arrow; high
power micrograph D: arrow). Figures F and G show schematic diagrams of this change in
distribution of TH+ synaptic target (F) and synaptic specialization (G) between the intact and
grafted striata. (F) The distribution of synaptic targets in the grafted striata differed significantly
from the intact hemisphere (p< 0.001), as well as from one another, (p< 0.001; G10 vs. G21:
p<0.001, G10 vs. G21 + spleen: p< 0.001, G21 vs. G21 + spleen: p<0.001). (G) The distribution
of synaptic symmetry also differed significantly between allografted groups (p<0.001; G10 vs.
G21: p= 0.003, G10 vs. G21 + spleen: p< 0.001, G21 vs. G21 + spleen: p= 0.003) with the
percent of TH+ asymmetric specializations increasing with both time post-grafting and host
immune response.
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Figure 7. High power electron micrographs illustrating unlabeled synapses (asterisks) onto TH+
dendrites (A, C) and soma (B) in the grafted striatum
Scale bars in A and C= 150nm; scale bar in B= 300nm. The quantitative distribution of the
synaptic specializations of these terminals onto TH+ cell bodies and proximal dendrites in the
grafted striatum differed significantly between the allografted groups (p< 0.001) with a
significantly greater percentage of asymmetric synapses seen in G21 and G21 + spleen rats
compared to G10 rats (G10 vs. G21: p< 0.001, G10 vs. G21 + spleen: p< 0.001).
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Figure 8. Quantitative distribution of non-TH+ postsynaptic targets (A) and perforation status (B)
(A) In the dopamine-grafted striata, the distribution of postsynaptic targets of non-TH+
synapses differed significantly from their intact hemispheres (p< 0.001). Further, dopamine-
grafted groups differed from one another (p= 0.001), with grafted groups having increased
immune activation (G10 and G21 + spleen) showing a significantly greater percentage of inputs
onto dendrites rather than spines (G10 vs. G21: p= 0.035, G21 + spleen vs. G21: p< 0.001).
These groups, however, did not differ from one another (G10 vs. G21 + spleen: p= 0.201). (B)
In the dopamine-grafted striata, the distribution of perforated synapses did not differ
significantly from the intact hemisphere in either G10 or G21 rats (p= 0.25). However, in
grafted rats with increased immune activation there was a significant difference between both

Soderstrom et al. Page 24

Neurobiol Dis. Author manuscript; available in PMC 2010 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the grafted and intact hemisphere (p< 0.05) as well as with G10 (p<0.05) and G21 (p< 0.05)
rats.
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Figure 9. Correlation between the percentage of contacts made by grafted cells onto dendritic spines
in the dopamine-depleted striatum and dyskinetic behavioral profiles
The percentage of TH+ contacts onto spines was significantly, negatively correlated with
tapping dyskinesias (C; r=−0.65, p=0.005), however, there was no significant correlation of
this synapse profile with LIDs (A; p=0.91), total GIDs (B; p=0.31), or facial forelimb
dyskinesias alone (D; p=0.78).
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Figure 10. Correlation between the percentage of non-TH+ asymmetric contacts onto grafted cells
in the dopamine-depleted striatum and dyskinetic behavioral profiles
The percentage of asymmetric contacts onto TH+ cells was significantly, positively correlated
with total GIDs behavior (B; p=0.02), but not with LIDs (A; p=0.87), tapping dyskinesias alone
(C; p=0.09), or facial forelimb dyskinesias alone (D; p=0.24).
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Figure 11. Correlation between the percentage of non-TH+ perforated asymmetric contacts in the
dopamine-depleted striatum and dyskinetic behavioral profiles
The percent of perforated asymmetric contacts onto TH+ cells was significantly, positively
correlated with total GIDs behavior (B; p=0.03), but not with LIDs (A; p=0.15), tapping
dyskinesias alone (C; p=0.23), or facial forelimb dyskinesias alone (D; p=0.06).
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Figure 12. Correlation between the levodopa-induced dyskinesias (A, C) and graft-induced
aberrant behaviors (B, D) and TH+ cell counts (A, B) and aberrant synaptology (C, D)
While classic LID-like behaviors correlated positively to the number of surviving TH+ cells
in the grafted striatum, they did not correlate with the aberrant synaptic features noted in this
study. This is in contrast to GID-like behaviors observed which correlated significantly with
aberrant synaptology but not with TH+ cell counts.
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Figure 13. Illustration summarizing the aberrant synaptic features observed in the grafted striatum
of rats with elevated immune status and high level dyskinesia
A dopamine graft, in an environment of elevated immune factors, may be a target of aberrant
focal activation, creating an excess excitatory drive in the grafted stratium. It is well established
that focal stimulation of striatum results in focal output of stereotyped behavior, which is
dependent upon which area of striatum is stimulated (Mink et al., 2003; Kelley et al., 1994).
The distributions of TH+ axo-dendritic and axo-somatic synapses (*), TH+ asymmetric
specializations (**), non-TH+ perforated syanpses (†), and asymmetrical synapses onto TH+
cells (††) were all significantly increased in allografted rats with increased immune activation.
These increases in aberrant synaptic features in the allografted striatum, may represent a
mechanism by which focal striatal excitation is driving aberrant behaviors following grafting
in this study.
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Table 1

Summary of the changes in synaptic features observed following grafting and immune challenge, and their
correlation with GIDs-like behavior.

Synaptic Features Grafting Immune Response GIDs

TH+ synaptic features (Figure 6)

 • Target Shift + +++ correlated

 • TH+ Asym + +++ not correlated

Input onto grafted DA neurons (Figure 7)

 • Asym Input − ++ correlated

Non-DA changes (Figure 8)

 • Target shift +++ +++ not correlated

 • Perforations + + correlated
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