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ABSTRACT: Background: The risk of graft-
induced dyskinesias (GIDs) presents a major chal-
lenge in progressing cell transplantation as a therapy
for Parkinson’s disease. Current theories implicate the
presence of grafted serotonin neurons, hotspots of
dopamine release, neuroinflammation and established
levodopa-induced dyskinesia.

Objective: To elucidate the mechanisms of GIDs.
Methods: Neonatally desensitized, dopamine dener-
vated rats received intrastriatal grafts of human embry-
onic stem cells (hESCs) differentiated into either ventral
midbrain dopaminergic progenitor (vmDA) (n = 15) or
ventral forebrain cells (n = 14).

Results: Of the eight rats with surviving grafts, two
vmDA rats developed chronic spontaneous GIDs, which
were observed at 30 weeks post-transplantation. GIDs
were inhibited by D,-like receptor antagonists and not
affected by 5-HT1A/1B/5-HT6 agonists/antagonists.
Grafts in GID rats showed more microglial activation
and lacked serotonin neurons.
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Conclusions: These findings argue against current
thinking that rats do not develop spontaneous GID
and that serotonin neurons are causative, rather indicat-
ing that GID can be induced in rats by hESC-derived
dopamine grafts and, critically, can occur independently
of both previous levodopa exposure and grafted
serotonin neurons. © 2021 The Authors. Movement Dis-
orders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society

Key Words: Parkinson’s disease; dopamine; cell
therapy; graft-induced dyskinesias; neuroinflammation;
microglia; 5-HTL-dopa
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Clinical trials using fetal dopamine (DA) cells as a
neuroreparative strategy for Parkinson’s disease (PD) have
produced remarkable long-term recovery of function in
some patients' and graft survival for over 20 years.> How-
ever, the results have been variable and a proportion of
patients in three major trials developed persistent
abnormal involuntary movements (AIMS), now termed
“graft-induced dyskinesias” (GIDs), occurring in the
absence of levodopa (L-dopa).>® Pre-existing 1-dopa
induced dyskinesias (LID) have been identified as a
potential risk factor for the development of GIDs, but
other potential risk factors include aberrant immune
responses,”” incomplete graft innervation,® S-HT neurons
in the graft,” abnormal ratios of S-HT/DA receptors,'*!?
or activity of specific 5-HT receptors.'? Investigations of the
mechanisms underlying GIDs have been hampered by
rodent models that do not replicate the spontaneous nature
of the behaviors. Rather they rely on administration of 1-
dopa or amphetamine to generate acute, transient GID
expression' ' in transplanted animals.

With the evolution of human stem cell (hESC)-derived
sources of cells for transplantation, it is now possible to
generate ventral midbrain DA (vmDA) grafts free of
5-HTergic neurons and to assess if GIDs can occur also
in the absence of 5-HT. Intrastriatal grafts of hESC-
derived vmDA cells have been widely reported to survive,
integrate, release DA, and alleviate functional impair-
ments in rodent models of PD,'*" but GIDs have not
been explored. To ensure the safety of new cell products
for transplantation, it is imperative that we evaluate and
understand the potential risk of side effects.

In the process of studying the long-term functional effi-
cacy of hESC-derived vmDA grafts in 6-hydroxydopamine
(6-OHDA) lesioned rats, we unexpectedly observed
spontaneous, continuous abnormal AIMs in a subset of
rats. The rats had been checked weekly for health and
welfare purposes, but detailed behavioral analysis com-
mencing at 30 weeks led to the identification of chronic
GIDs. We characterized the GIDs pharmacologically,
targeting DAergic and 5-HTergic systems. Subsequent

immunohistochemical analysis of the brain tissue com-
pared vmDA grafts from GID rats with vmDA grafts from
non-GID rats and with control hESC-derived non-DA,
forebrain-patterned (VFB) cells.'”

Materials and Methods

Experiments were conducted in compliance with the
United Kingdom (UK) Animals (Scientific Procedures)
Act 1986 under Home Office License No. 30/2498,
with the approval of the local Cardiff University Ethics
Review Committee.

Sprague-Dawley rat pups (female, n = 29) were neo-
natally desensitized at 2 days post-birth with mixed
hESC-derived neural progenitors and mature neurons
(Fig. 1A), as described elsewhere.?® Rats were housed
in groups of 3-4, with a 14-hour:10-hour light:dark
cycle. At 20 weeks old, rats received MFB 6-OHDA
lesions, as previously described.'® Rats were sorted into
matched groups based on amphetamine-induced rotations
(2.5 mg/kg) conducted at 4 weeks post-lesion (mean net
rotations/minutes: vmDA = 15.3 4+ 0.8; vFB = 14.6 + 1.0).
Rats received intrastriatal transplants of hESC-derived cells
(vmDA or vFB).!” H9 cells were differentiated for 16 days
and made into a suspension of 60,000 cells/uL, as previ-
ously described.!” For both transplanted groups, 4 pL
(240,000 total cells/graft) was injected into the neostriatum
at the following coordinates: (1) AP: +0.5, ML: —3.0; (2)
AP: +1.2, ML: -2.7; (3) DVs: —4/-5.

Rotational behaviors were measured for 90 minutes
(Rotorat, Med Associates) after 2.5 mg/kg methamphet-
amine (Sigma, cat. no. M8750), for 60 minutes after
0.05 mg/kg apomorphine (Sigma, cat. no. Y0001465)
and after administration of other pharmacological agents
(Fig. 1B). Observations from 30 weeks post-graft revealed
spontaneous AIMs. AIMs (as described in Breger et al)*!
were scored every 10 minutes for 60 minutes post-
administration of saline or drug. The assessor was blind
to both the substance administered and the rat group allo-
cation. During AIMs scoring, the experimenter noted
whether normal locomotion and exploratory behaviors
were evident in the rotameters, to give confidence that
any reduction in GID expression was not the consequence
of reduced activity overall. Rotational data were collected
in an unbiased manner using automated rotometers.

At 52 weeks post-graft, rats were terminally
anaesthetized and transcardially perfused (4% paraformal-
dehyde [PFA]). Brains were processed for peroxidase-based
immunohistochemistry as previously described.'® CD4",
CD8", and 5-HT™ cells were counted manually within and
at the border of the graft. TH*, HuNu®, Ox42*/
CD11b", and GFAP* cells were estimated using unbiased
stereology. Two-dimensional stereology was performed
(Olympus BX50 microscope, Olympus C.A.S.T. image-
analysis software). Ox42 was also measured by optical den-
sity (Image], NIH).
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FIG. 1. (A) Schematic representation of the timeline of experimental events. (B) Table of pharmacological agents used during abnormal involun-
tary movement (AIMs) analysis in rats. (C) Mean and individual AIMs score for vmDA graft-induced dyskinesias (GID) rats (n = 2). Mean AlMs
score for non-GID rats includes small vmDA grafts and vFB grafts, combined into “non-GID” dataset (n = 6), in response to saline or drug chal-
lenges. AlMs were stable between 30 and 52 weeks post-graft (both saline datasets, P < 0.05 for non-GID vs. GID rats). Non-GID rats demon-
strate AlMs in response to L-dopa, but no change in AlMs is evident in GID rats. For GID rats, 0.3 mg/kg buspirone (5-HT1A agonist/D2-like
antagonist), fenfluramine (5-HT reuptake inhibitor), 8-OH-DPAT+CP94253 (5-HT1A/1B agonists), and SB399885 (5-HT6 antagonist) did not alter
expression of the AIMs behaviors (all ps < 0.05 for non-GID vs. GID). High dose buspirone and eticlopride both abolish AIMs (ps = n.s. for non-
GID vs. GID), without affecting normal locomotion. (D) Mean net rotations to the ipsilateral (positive scale) and contralateral (negative scale)
sides for non-GID and GID rats in response to saline (P < 0.05 for non-GID vs. GID rats), L-dopa (P = 0.096) or amphetamine (P < 0.05). In con-
trast to non-GID rats, GID rats did not rotate in response to amphetamine, but did rotate spontaneously and in response to L-dopa.

Note: All rats had complete unilateral lesions, as evidenced by their pre-graft rotational response to amphetamine (non-GID rats: mean = 12.3 net turns/minute,
SEM = 0.95; GID rats: mean = 14.5 net turns/minute, SEM = 1.27) and the loss of nigral TH* neurons (non-GID rats: mean = 99.5%; loss, SEM = 0.17; GID rats:
mean = 99.2% loss, SEM = 0.18). vFB = ventral forebrain control grafts; vmDA = ventral midbrain ventral mesencephalic grafts. Error bars = standard errors of the
mean. *P < 0.05, **P < 0.01. [Color figure can be viewed at wileyonlinelibrary.com]

Pharmacological challenges and rotation data were
analyzed using Kruskal-Wallis non-parametric test with
Group (non-GID vs. GID) as the factor. Histological
data were analyzed by one-way ANOVA with Group
(vFB, vmDA non-GID, and vmDA GID) as the factor.
Histological and behavioral data were correlated using
Spearman’s p. All statistical analyses were conducted
using IBM SPSS Statistics 25 software.

Results

Dopaminergic Grafts Can Induce
Spontaneous GIDs

To obtain long-term survival of human grafts in a rodent
model without the need for daily immunosuppression, we
applied a model of neonatal desensitization in rats,
which required subcutaneous injection of human cells
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FIG. 2. (A) Immunohistochemical analysis of hESC-derived vmDA and vFB grafts. Dopamine neurons (tyrosine hydroxylase [TH], Millipore, MAB318,
1:2000; brown DAB) and human nuclei (HuNu, Millipore, MAB1281, 1:1000; blue VectorSG) at 5x and 20x magnification in vFB grafts, small vmDA grafts
from non-GID rats and large vmDA grafts from GID rats. The HuNu™ graft core of the vFB graft is delineated with a black dashed line. Activated microglia
within the graft core and border (Ox42 [CD11b], Serotec, MCA275G, 1:1000) at 5x and 20x magnification in each graft group. Immunolabeling of reactive
astrocytes (GFAP, DAKO, Z0334, 1:1000), CD4* t-lymphocytes (Abcam, Ab33775, 1:100), CD8* t-lymphocytes (Serotec, MC4A48G, 1:500) and 5-HT* neu-
ron staining (Immunostar, 20,080, 1:10000). 5-HT* “control” staining in the raphe nucleus is shown in the left panel, whereas the center and right panels
demonstrate no positive staining in the small or large vmDA grafts. (B) Quantification of cells in hESC-derived vmDA and vFB grafts. Graft volume, total
HuNu* cells, TH* cells within the graft, GFAP* cells within the striatum, Ox42/CD11b optical density within the graft core/border, Ox42 cells/mm?® within the
graft core/border, CD4* cells around the perimeter of the graft and CD8* cells around the perimeter of the graft were quantified for vFB grafts, small vmDA
grafts (non-GID rats) and large vmDA grafts (GID rats). GID rats had grafts with more TH* cells than vFB or small vmDA grafts [F, 5 = 10.45, P < 0.05; GID
vs. non-GID and vFB, ps = 0.01] and more GFAP™* cells than grafts in non-GID rats [Fo 5 = 4.20, P < 0.05; GID vs. non-GID, P < 0.05]. More activated
microglia (Ox42*/CD11b*) cells were evident in GID rats than in non-GID or vFB grafted rats [F» 5 = 21.50, P < 0.05; GID vs. non-GID and vFB, ps < 0.05].
No other group effects were significant. (C) Correlations between grafted cells and GID behaviors. Significant correlations were revealed between GID and
TH* and Ox42* cells. No correlations were revealed between GID the total HuNu cell count, GFAP, CD4" or CD8" cells. For 5x magnification images, all
scale bars = 100 pum; For 20x magnification images, all scale bars = 1000 um. vFB = ventral forebrain control grafts; vmDA = ventral midbrain ventral mesen-
cephalic grafts. Error bars = standard errors of the mean. *P < 0.05, **P < 0.01, ***P < 0.001. [Color figure can be viewed at wileyonlinelibrary.com]

at P0-5.2%22 In adulthood, the desensitized rats received
unilateral lesions and subsequently hESC-derived
vmDA or vFB intrastriatal transplants. Only a subset of
the transplanted rats (4/15) had surviving vmDA grafts
and, of these, two displayed spontaneous contralateral

rotations, a trend for L-dopa-induced rotations and
reduced amphetamine-induced rotations (Fig. 1D).
These two rats also developed spontaneous AIMs at
30 weeks post-graft (Fig. 1C and Supporting Data).
These were compared to rats with smaller surviving
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vmDA grafts (n = 2) and rats with non-DA, vFB grafts
(n = 4/14) (neither the smaller vmDA nor the vFB graft
groups displayed spontaneous AIMs or reduced
amphetamine-induced rotations).

To elucidate the neurobiological basis of the GIDs,
pharmacological challenges were undertaken using recep-
tor agonists and antagonists. AIMs were observed in both
the home cage and rotometers (Supplementary Video S1),
and scored blind twice post-saline administration
(at 30 and 52 weeks post-graft) and twice post-L-dopa
administration (Fig. 1C). These sequential observations
suggest that GIDs were chronic, stable, and minimally
affected by stress or repeated exposure to rotometers. For
GID rats, 0.3 mg/kg buspirone (5-HT4 agonist/D,-like
antagonist), fenfluramine (5-HT reuptake inhibitor), 8-
OH-DPAT+CP94253 (5-HTaqs  agonists)  and
SB399885 (5-HT¢ antagonist) did not alter expression of
the AIMs behaviors. High dose 1 mg/kg buspirone® and
eticlopride (D,/D3 antagonist) largely eliminated GID
expression without reducing normal motor activity.

Larger vmDA Grafts Induce Neuroinflammation
and GIDs

Larger vimDA grafts were identified in GID-expressing
rats and small vmDA grafts in non-GID rats. The vFB
grafts were a similar volume to large vimDA grafts, con-
taining similar numbers of human cells, but with an
absence of mature DA neurons (Fig. 2A,B). Similar num-
bers of CD4* and CD8" t-lymphocytes were present in
large vFB and vmDA grafts, but more reactive astrocytes
were observed in GID vmDA rats (Fig. 2A,B). No 5-HT"
cells were observed in any of the grafts (Fig. 2A), despite
positive control staining evident within the raphe nuclei.

Large vmDA grafts were associated with high levels
of microglial activation in both hemispheres, whereas
small vmDA grafts induced modest microglial activa-
tion in both hemispheres. In contrast, large vFB grafts
induced almost no microglial activation (Fig. 2A,B).
Neither graft volume, total HuNu* cells, GFAP, CD4",
nor CD8" t-lymphocyte infiltration correlated with the
development of spontaneous AIMs (Fig. 2C). High DA
neuron content (tyrosine hydroxylase [TH]) and mark-
edly increased microglial activation (Ox42) correlated
significantly with GIDs (Fig. 2C).

Discussion

This is the first report of measurable spontaneous
GIDs occurring following transplantation of hESC-
derived vmDA neurons into an animal model. These
behaviors occurred without prior exposure to L-dopa or
LID “priming” and with grafts devoid of 5-HT neurons.
Given that they were abolished by the D, receptor
antagonists eticlopride and by buspirone, which acts as
a D, receptor antagonist at high doses, this suggests

DOPAMINE GRAFT-INDUCE

DYSKINESIA

that DA itself, and particularly D,-like family receptors,
play a role in mediating GIDs.

These long-term (1 year post-graft) pilot data are impor-
tant insofar as they suggest that GID emergence is possible
in clinical trials of hESC-derived vmDA grafts. This is
despite the evidence that hESC-derived cell preparations
for clinical use will contain no/limited 5-HT neurons and
patient selection will prioritize patients without severe
LIDs. Important parallels can be drawn with recently pub-
lished details on five patients who developed persistent
GIDs in a double-blind United States (US) fetal cell trans-
plant study.” Both of these datasets challenge current
assumptions in the field, which suggest that GIDs expres-
sion may be dependent on S-HT expression.”**” Dopa-
mine is directly implicated in both studies: (1) the
presentation of GIDs resembles some elements of classic
LIDs; (2) anti-dopaminergic drugs reduce GIDs; (3) GIDs
correlate with measures of dopamine (fluorodopa in clinical
trials/TH* immunohistochemistry here), and (4) GIDs
occur in association with functional improvements (Unified
Parkinson Disease Rating Scale [UPDRS] in clinical studies,
amphetamine rotations here). Although in the present
study, grafts contained ~14,000 TH* cells (whereas rats
have ~10-12,000 TH* cells/hemisphere),”®*® in patients
GIDs have been induced from grafts of ~37,000 TH cells’
(human brain harbors ~170,000 substantia nigra pars
compacta [SNpc] DA neurons)®’ and without evidence of
excess dopamine in PET scans.

There has remained an unanswered question about the
temporal pattern of GID emergence clinically. One supposi-
tion is that it relates to the withdrawal of immunosuppres-
sion, potentially triggering inflammatory drivers,® which
would be consistent with data demonstrating that DA can
mediate immune responses.®! In the current study, the large
microglial inflammatory response was specific to brains with
vmDA-containing grafts although a direct causal relation-
ship between neuroinflammation and GIDs could not be
determined. Alternatively, GID emergence could relate to the
time that it takes for DAergic neurons to begin significant
maturation and outgrowth as a similar timescale occurred in
a trial, which did not immunosuppress graft recipients.’

The use of neonatal desensitization makes this the first
behavioral study of extended (12 months) human vmDA
graft survival times in immunologically intact animals
(in the absence of immunosuppression). Graft survival
was low in this study (n = 4 grafts/group), but variability
within this model has been reported previously.>*>?
Moreover, all published literature using this model has
reported graft survival for a maximum of 6 months post-
graft.?®** The data presented here are, to our knowledge,
the first report of human-to-rat graft survival up to
12 months post-graft. Even if protection conferred by
neonatal desensitization may reduce with time, this model
has nevertheless been highly effective in revealing a previ-
ously unobserved phenomenon not readily investigated in
standard immune-compromised/suppressed animals.
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The severity of spontaneous GIDs in these rats were
mild-to-moderate in magnitude when compared to LID
established in standard protocols in rodents*! and did not
appear to worsen over the observed time. Importantly, if
LIDs are not the sole driver for GIDs, then the risks to late-
stage patients may not be significantly elevated, whereas
their benefits, such as reductions in LID, could be substan-
tially more than early-stage patients. Therefore, this therapy
may be open to a broader population of people with PD.

Importantly for future clinical trials, although stem-
cell based therapies can be designed to be completely
devoid of 5-HT neurons and, therefore, may be consid-
ered safer from a GID perspective,>* our data suggest
that this may not completely eliminate the risk for
GIDs. The mechanism of action of spontaneous GIDs
needs further investigation in larger studies, but if they
can be mediated through excess dopamine and/or
inflammatory responses, it may be possible to mitigate
these through design of the therapeutic delivery.

LANE ET

Conclusion

This is the first study to demonstrate that stem cell-
based therapies can induce spontaneous GIDs in a rodent
model of PD, simultaneous with functional recovery. The
data demonstrate that GID onset can occur indepen-
dently of L-dopa exposure and 5-HT neurons in the graft.
Instead, the data presented here suggest involvement of
D,-like family receptors and suggest that GIDs may be
associated with graft inflammation. @
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ABSTRACT: Background: Impairments of olfac-
tory and speech function are likely early prodromal
symptoms of a-synucleinopathy.

Objective: The aim of this study is to assess whether
dysprosody is present in isolated rapid eye movement
sleep behavior disorder (iRBD) with hyposmia/anos-
mia and a normal nigrostriatal system.

Methods: Pitch variability during speech was investi-
gated in 17 iRBD subjects with normal olfactory func-
tion (iRBD-NOF), 30 iRBD subjects with abnormal
olfactory function (iRBD-AOF), and 50 healthy controls.
iRBD subjects were evaluated using the University of
Pennsylvania Smell Identification Test and [123I]-2B-
carbomethoxy-3B-(4-iodophenyl)-N-(3-fluoropropyl)-
nortropane dopamine transporter single-photon emission
computed tomography (DAT-SPECT). All iRBD subjects
completed the 24-month follow-up with DAT-SPECT,
speech, and olfactory testing.

Results: At baseline, only iRBD-AOF showed monopitch
when compared to iRBD-NOF (P = 0.04) and controls
(P = 0.03), with no difference between iRBD-NOF and
controls (P = 1). At follow-up, dysprosody progressed
only in iRBD-AOF with abnormal DAT-SPECT (P = 0.03).
Conclusion: Prosody is impaired in hyposmic but not in
normosmic iRBD subjects before the nigrostriatal dopa-
minergic transmission is affected (Braak stage 2). © 2021
International Parkinson and Movement Disorder Society

Key Words: dysarthria; speech disorder; olfactory;
dopamine transporter imaging; prodromal
synucleinopathy biomarker
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