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Temporal evolution of microglia and a-synuclein
accumulation following foetal grafting in

Parkinson’s disease

C. Warren Olanow,'? Mari Savolainen,® Yaping Chu,® Glenda M. Halliday* and

Jeffrey H. Kordower®

We observed Lewy pathology in healthy embryonic dopamine neurons implanted into the striatum of patients with advanced
Parkinson’s disease. In the present study we examined the temporal relationship between the presence of inflammation with
activated microglia and the emergence of a-synuclein pathology. Inflammation with activated microglia was observed in all

grafts and at all time points examined between 18 months and 16 years as determined by both CD45 and TMEM119 staining.

In contrast, a-synuclein was not detected at 18 months, only diffuse monomeric a-synuclein staining was observed at 4 years, and

a-synuclein aggregates were not observed until 14-16 years after transplantation. Thus, there is evidence of inflammation and

microglial activation in graft deposits long before the accumulation of a-synuclein pathology in implanted dopamine neurons.

These observations raise the possibility that microglial activation contributes to the development of a-synuclein pathology, and

supports the concept that microglia play an integral role in the propagation and spread of a-synuclein pathology.
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Introduction

Previously, we described robust survival of healthy appear-
ing dopamine neurons 18 months following transplantation
of foetal mesencephalic tissue into the striatum of patients
with advanced Parkinson’s disease (Kordower et al., 1993,
1996; Olanow et al., 2003). In these studies, embryonic
dopamine neurons derived from either one or four donors
per side, were implanted into the post-commissural

putamen bilaterally using eight needle tracts per side and
four deposits per tract. Cell counting demonstrated 80 000—
120000 healthy appearing tyrosine hydroxylase (TH)-posi-
tive neurons in each putamen, with extensive organotypic
innervation of the host striatum. However, two double-
blind studies failed to meet their primary end-points
(Freed et al., 2001; Olanow et al., 2003), and the proced-
ure was complicated by the development of often disabling
graft-induced dyskinesias that persisted despite stopping
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Inflammation and Lewy pathology

levodopa (Olanow et al., 2009a). Based on these results
and other considerations, we discontinued our transplant
programme (Olanow et al., 2009b).

Approximately 14 years following the initial transplant
procedure, our group and others co-discovered Lewy path-
ology in cell bodies and axons of the embryonic dopamine
neurons that had been implanted into the striatum of these
advanced Parkinson’s disease patients (Kordower et al.,
2008a, b; Li et al., 2008). The inclusions stained positively
for a-synuclein, ubiquitin, and thioflavin S, and were pro-
teinase K resistant, indicating protein misfolding with beta-
sheet formation and aggregation. The inclusions in the im-
planted dopamine neurons were morphologically identical
to Lewy bodies seen in neurons of the host substantia nigra
pars compacta (SNc). Importantly, the implanted cells were
derived from multiple unrelated donors, and inclusions
were seen in all deposit sites in each patient, and at a
time when Lewy pathology is virtually never seen under
normal circumstances. We speculated that Lewy pathology
developed in the healthy implanted dopamine neurons as a
result of their being placed into a Parkinson’s disease
milieu, and represented transmission of misfolded a-synu-
clein from host Parkinson’s disease-affected neurons in a
prion-like manner (Olanow and Prusiner, 2009). Indeed,
similar results have been seen in experimental models
(Kordower et al., 2011; Angot et al., 2012). In subsequent
years, a body of experimental evidence has been developed
supporting the prion hypothesis in Parkinson’s disease
(Olanow and Brundin, 2013). Fundamental to the prion
theory is the concept of permissive templating, whereby
misfolded proteins promote misfolding of the native un-
folded proteins, thereby sustaining an infectious chain
reaction.

The mechanism whereby Lewy pathology develops in im-
planted dopamine neurons remains unknown. Recent ex-
perimental studies suggest that immune activation of
microglia with cytokine release might play a critical role
in promoting a-synuclein misfolding, and in the spread of
misfolded a-synuclein (Bassil et al., 2016; Sampson et al.,
2016; Wang et al., 2016). In this regard, it is noteworthy
that in our initial studies we observed robust CD45 cell
staining surrounding graft deposits indicative of an inflam-
matory reaction, with some cells displaying a morphology
suggestive of activated microglia (Kordower et al., 1997,
Olanow et al., 2003). However, our initial studies were
performed prior to the discovery of a-synuclein mutations
in Parkinson’s disease (Polymeropoulos et al., 1997), and
the appreciation that this protein is a major component of
Lewy pathology in sporadic cases (Spillantini ez al., 1997).
In the present study, we examined the evolution of a-synu-
clein accumulation and aggregation in graft deposits, and
its temporal relationship with inflammation and microglial
activation. We were able to examine brains derived from
six transplanted Parkinson’s disease patients who died at
18 months (7 = 1 patient), 4 years (n = 2 patients), 14 years
(n =2 patients), and 16 years (n =1 patient) following the
procedure. This is the largest post-mortem sample of
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transplanted brains reported to date and is of particular
interest in view of the increasing evidence suggesting that
activated microglia might play a role in promoting the mis-
folding, seeding, aggregation, and spread of a-synuclein in
Parkinson’s disease as part of a prion-like process.

Materials and methods

General immunohistochemistry
procedures

Endogenous peroxidase-containing elements were eliminated
by 20 min incubation in 0.1 M sodium periodate, and back-
ground staining was blocked by 1h incubation in a solution
containing either 2% bovine serum albumin or 5% horse
serum. Series of sections through the rostrocaudal striatum
and SNc were immunostained with primary antibodies (see
below) overnight at room temperature. After six washes, sec-
tions were sequentially incubated for 1 h in biotinylated sec-
ondary antibody (1:200; Vector) followed by Elite® avidin—
biotin complex (1:500; Vector) for 75 min. The immunohisto-
chemical reaction was completed with 0.05% 3, 3’-diamino-
benzidine (DAB) and 0.005% H,O,. Sections were mounted
on gelatin-coated slides, dehydrated through graded alcohol,
cleared in xylene, and coverslipped with Cytoseal™
(Richard-Allan Scientific™).

TH, dopamine transporter and ubiquitin

The immunoperoxidase labelling method was used to perform
TH, dopamine transporter (DAT) and ubiquitin immunohisto-
chemistry as described previously (Chu and Kordower, 2007;
Kordower et al., 2008a, b).

a-Synuclein

Separate series of sections were incubated with antibodies dir-
ected against total a-synuclein (LB509) and phosphoserine 129
a-synuclein (ab51253, Abcam, 1:1000) overnight at room
temperature, as previously described (Chu and Kordower,
2007). We used proteinase K digestion to determine whether
the a-synuclein was soluble (non-aggregated) or insoluble
(aggregated). Sections were mounted onto gelatin-coated
slides and dried for at least 8h at 55°C. After wetting with
TBS-T (10mM Tris-HCl pH 7.8, 100mM NaCl, 0.05%
Tween-20), the sections were digested with 50 pg/ml proteinase
K (Invitrogen) in TBS-T for 3h at 55°C. The sections were
fixed with 4% paraformaldehyde for 10 min. After several
washes, the sections were then processed for «-synuclein
immunostaining as described above.

CD45

CDA45 staining was carried out to assess inflammation and
inflammatory cells, including macrophages and microglia
(Cosenza-Nashat et al., 2006; Bennett et al., 2016). Sections
were incubated with primary antibody, mouse anti-CD4$
(1:500, BD Biosciences) overnight at room temperature
(Kordower et al., 1997) and processed as described above.
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TMEMI 19

Transmembrane protein 119 (TMEM119) staining was
used to more specifically assess for the presence of brain resi-
dent microglia (Bennett ef al., 2016; Li and Barres, 2018;
Lopez-Atalaya et al., 2018). Tissue sections from all cases
were immunostained with TMEM119 antibody (1:500,
Abcam) and processed immunohistochemically as described
above.

Stereological quantification

TH neurons

Stereological estimates of grafted TH-immunoreactive neu-
rons were carried out for every transplant site using an un-
biased sampling scheme and the optical fractionator
procedure (Kordower et al., 2017). We evaluated grafted neu-
rons in ~14-20 equi-spaced sections throughout the striatum
on each side. The sectional sampling fraction (ssf) was 1/
0.055. The distance between sections was ~720pum. Each
graft was outlined according to the pattern of TH staining
using a x4 objective. A systematic sample of the area occu-
pied by grafts was made from a random starting point
(Stereolnvestigator v10.40 software; Micro BrightField,
Colchester, VT). Counts were made at regular predetermined
intervals (x =313 pum, y=313pum), and a counting frame
(70 x 70 pm = 4900 pm?) was superimposed on images ob-
tained from tissue sections. The area sampling fraction (asf)
was 1/0.05. These sections were then analysed using a 60 x
Planapo oil immersion objective with a 1.4 numerical aper-
ture. The section thickness was empirically determined.
Briefly, as the top of the section was first brought into
focus, the stage was zeroed at the z-axis by software. The
stage then stepped through the z-axis until the bottom of
the section was in focus. Section thickness averaged
16.2 + 2.3 um in the striatum. The dissector height (counting
frame thickness) was 10 um. This method allowed for 2-pm
top guard zones and at least 2-um bottom guard zones. The
thickness sampling fraction (tsf) was 1/0.61. Care was taken
to ensure that the top and bottom forbidden planes were
never included in the cell counting. The total number of
TH-immunoreactive, phosphorylated «-synuclein-immunor-
eactive, and neuromelanin-laden neurons within the graft
were calculated separately using the following formula:

N:ZQ_.L.L. 1 1)

where XQ was the total number of raw counts (West et al.,
1991). The coefficients of error (CE) were calculated according
to the procedure of Gunderson and colleagues as estimates of
precision (Chu and Kordower, 2007; Kordower et al., 2017).
The CE values were 0.08 in left and 0.07 in right striatal grafts
(Schmitz and Hof, 2005).

CD45 and TMEMI |9 immunoreactivities

CD4S5 (leucocyte common antigen) is an essential regulator of
antigen receptor signalling and is present on haematopoietic
cells, such as leucocytes and macrophages, as well as brain
microglia. TMEM119 is a transmembrane protein that is spe-
cific for brain resident microglia (Bennett et al., 2016; Lopez-
Atalaya et al., 2018). Semi-quantitative optical density analyses
were carried out to assess CD45 and TMEM119
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immunoreactivities in foetal tissue graft deposit sites. All as-
sessments were made in a blinded fashion using three to five
sections per case. Optical density was measured from an area
within the transplant region and from an area with a similar
volume outside of the graft region in transplanted patients;
similar volumes within the caudate nucleus/putamen were
also analysed in ungrafted Parkinson’s disease controls and
normal controls. Scion Image software was used for the meas-
urement and mean optical density was calculated for each
case. Statistical analysis to compare the overall CD45 and
TMEM119 optical densities in graft regions of transplanted
patients and areas outside of the graft was performed using
GraphPad Prism 7.02 software (La Jolla, CA, USA). Paired
Student’s #-test was used.

Data availability

All data will be made available upon request.

Results

Neuronal TH expression in graft
deposits

The number of surviving grafted dopamine neurons per
putamen was estimated in cases where sufficient tissue
was available (Table 1). Neuronal survival was relatively
robust in each case, albeit with substantial variability.
Interestingly, while receiving an identical number of
donors, our shortest surviving case (18 months post-graft-
ing) had ~100000 surviving dopamine neurons per side
(Kordower et al., 1995), while our case with the longest
survival (16 years post-transplantion) had ~300 000 surviv-
ing dopamine cells on each side (Kordower et al., 2017). In
each case, TH-positive grafted neurons reinnervated the
striatum in an organotypic manner with a normal-appear-
ing patch-matrix pattern and synaptic connectivity.
Individual TH-positive cells displayed a morphological ap-
pearance typical of mesencephalic dopamine neurons. The
breadth and density of TH innervation was relatively
robust and similar in cases from 18 months to 14 years
post-grafting. However, the 16-year post-graft case had sig-
nificantly greater graft survival with TH reinnervation of
the entire putamen at a level approximating that seen in
normal age-matched controls, even though grafts were only
placed into the post-commissural putamen. In addition, in
all cases, TH immunoreactive fibres were seen traversing
the internal capsule to reach the caudate nucleus.
Nonetheless, in both the 14- and 16-year post-grafted
cases we observed functional impairment of TH immunor-
eactive neurons as evidenced by a marked reduction in
DAT (Kordower et al., 20084, b). These changes were
not noted in the 18-month and 4-year post-transplantation
cases suggesting a time-dependent loss of expression of
dopamine markers.
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Table | Relative profiles of TH + cells, microglia and a-synuclein in the different cases

Case (post grafting) TH cells (per putamen) Microglia a-Synuclein Thioflavin-S

Diffuse Aggregated

18 months 105033 ++ 4+ - - -

4 years 45108 n/a <> - -

4 years 75508 +++ + - -

14 years 73451 n/a - ++ ++

14 years 58941 ++ + - P > + +

16 years 308558 ++ + - ++ 4+ ++

n/a = not available.
— = undetectable; + = mild; ++ = moderate; +++ = severe.
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Figure | Time-dependent progression of a-synuclein accumulation and aggregation in foetal dopamine nigral grafts. Sections
through the graft were stained for Ser129 phospho-synuclein. Scale bar = 100 um (A-D); 20 pm (a—d).

Pattern of a-synuclein accumulation
and distribution

To assess the presence and distribution of a-synuclein
pathology within foetal tissue graft deposits, brain sec-
tions from each of our cases were immunostained with
antibodies directed against total a-synuclein (LB509) and
phosphorylated a-synuclein (Ser129-phosphorylated «o-
synuclein) (Fig. 1). In the 18-month post-surgical case,
no a-synuclein immunoreactivity was detected in the
grafted cells with either antibody. In both of the 4-year
cases, diffuse staining of monomeric, proteinase K digest-
ible, a-synuclein was seen throughout the cytosol of a few
implanted cells close to the graft margins. There was no
immunostaining for Ser129 phosphorylated a-synuclein or

thioflavin S. In the older grafts (14 and 16 years post-
transplantation), there was abundant staining for Ser129
phosphorylated a-synuclein inclusions in cell bodies and
neurites that were proteinase K resistant. Ser129 a-synu-
clein positive inclusions were noted in ~5-30% of TH-
positive grafted cells, with greater numbers in the 16-year
than in the two 14-year cases. The 16-year post-graft case
also had the most extensive Lewy neuritic pathology,
involving fibres within the graft as well as within the
host striatum. In both the 14- and 16-year post-graft
cases, a-synuclein aggregates also stained positively for
ubiquitin and thioflavin S indicating the presence of
misfolded protein with beta-pleated sheet formation. In
these older (14- and 16-year) grafts, less monomeric
soluble a@-synuclein staining was visible as aggregate
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accumulation increased. These data suggest that within
grafted embryonic neurons, there is a gradual accumula-
tion of soluble a-synuclein that develops over 4 years
post-transplantation and misfolded/aggregated a-synuclein
that evolves over the course of approximately the next

decade.

Pattern of CD45-labelled cells

To analyse inflammation in graft regions, brain sections
from transplanted cases as well as from two non-trans-
planted Parkinson’s disease patients and two normal age-
matched controls were stained with CD45 (leucocyte
common antigen) antibody to identify inflammation in
the region of graft deposits. In normal brain, expression
of CD45 is low, but when microglia are activated, CD4S5
expression is markedly upregulated and cells assume
characteristic morphologies (Cosenza et al., 2002; David
and Kroner, 2011). However, this antibody is relatively
non-specific and recognizes infiltrating lymphocytes and
macrophages as well as activate microglia. In the four
transplanted cases where tissue was available for analysis
(18 months, 4 years, 14 years, and 16 years post-trans-
plantation), there was a significant increase in CD45-posi-
tive cells in each of the grafted areas in comparison to
non-grafted regions of the putamen, and in comparison to
the putamen of non-transplanted Parkinson’s disease pa-
tients and age-matched controls (Fig. 2). At 18 months,
CD45 stained cells were round and ramified in morph-
ology. The round cells displayed dark staining without
processes suggesting that these cells were likely to be
lymphocytes or infiltrating macrophages. The ramified
cells exhibited light staining with more processes as com-
pared to what was observed in the non-grafted putamen.
In all of the older grafts (Fig. 2), dark stained CD45-
positive cells with abundant short and large processes
continued to be observed, but round cells suggestive of
lymphocytes were no longer detected. The CD45-positive
cells in non-grafted regions of the putamen were mark-
edly fewer in number, and displayed lighter staining and
longer and finer processes. In the grafts that were 18
months and 4 years post-transplantation, CD45-positive
cells were somewhat heterogeneous with some areas rela-
tively devoid of cells, whereas CD45-positive cells were
more evenly distributed throughout the implant sites in
the 14- and 16-year grafts. In the 18-month-old graft,
CD45-positive cells were also observed around blood ves-
sels near the grafted sites suggesting the possibility of
either ongoing infiltration into the brain of CD45-positive
inflammatory cells or greater activation and accumulation
of immune activated cells at these sites (Fig. 3). In the
older grafts, the cell morphology and increased CD45
expression was more consistent and restricted to the
graft regions. Quantitative optical density measurements
are shown in Fig. 2, and demonstrate significant increases
in grafted regions of each transplanted patient in com-
parison to non-grafted regions in these same patients,
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Figure 2 Qualitative and quantitative evidence for
increased CD45 immunoreactivity was observed in grafted
regions of the striatum at all time points examined.
Representative low and high power examples are provided from the
cases at 18 months (A and B), 4 years (C and D), 14 years (E and F)
and 16 years (G and H) after transplantation and (l) an age-matched
control. (J) Mean optical density (OD) measures of CD45 immu-
nostaining was calculated for graft regions and comparable regions
of the putamen of Parkinson’s disease and controls. Data are pre-
sented as mean optical density in grafted versus non-grafted con-
trols (P < 0.0002). Scale bar =200 um (A, C, E, G and I); 30 um (B,
D, F H and inset I). NC = normal control; PD = Parkinson’s disease.

and in comparison to comparable regions of the putamen
in Parkinson’s disease and control subjects who had not
undergone a transplant procedure.
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Figure 3 Low (A) and high power (B) photomicrographs from grafted region of 18 month graft illustrating CD45 immunor-
eactivity. Intense CD45-labelled inflammatory cells were observed within graft (arrowheads; A). Boxed area in A is enlarged in B showing two
types of CD45-positive cells in graft: dark stained round cells with absent processes (arrows; B) associated with blood vessels within the graft, and
light stained small cells with present processes (arrowheads; B) distributed either in grafted region or non-grafted putamen. Scale bars =400 um

(A); 40 um (B).

Pattern of TMEMI | 9-labelled cells

To characterize the inflammatory cells that accumulate in
grafted regions, brain tissues were immunostained with a
TMEM119 antibody, which stains for a cell surface pro-
tein specific to brain resident microglia (Bennett et al.,
2016). TMEM119-positive cells displayed ramified mor-
phological features in all brain areas (Fig. 4).
TMEMT119 staining in grafted patients was much more
pronounced than in non-grafted Parkinson’s disease pa-
tients or control subjects. Robust dark and dense
TMEM119 staining was observed in all grafted regions
at all time points examined, with immunoreactivity
mainly seen in processes (Fig. 4). TMEM119-labelled
cells had enlarged cell bodies with both short and large
processes that displayed a bushy-like (non-amoeboid)
morphology. In contrast, in non-grafted regions of the
putamen, TMEMT119-positive cells displayed small cell
bodies with long ramified processes (Fig. 5), similar to
those seen in patients with Parkinson’s disease who had
not undergone a transplant procedure, and greater than in
healthy controls. The density of TMEM119-positive cells
in 18-month-old grafts was somewhat less than in the 4-
16-year-old grafts. Further, in the older grafts, the
TMEM119-positive cells accumulated around the periph-
ery of the graft with only a few TMEM119-positive cells
in the centre area, similar to the distribution pattern
observed for grafted dopaminergic neurons.

Quantitative optical density measures (Fig. 4E) con-
firmed that there was a significant
TMEM119 immunoreactivity in grafted regions of each
transplanted patient in comparison to non-grafted regions
of the putamen, and in comparison to comparable regions
of the putamen of Parkinson’s disease subjects who had
not undergone a transplant procedure and normal age-
matched controls.

increase in

Discussion

We demonstrate that pathological a-synuclein aggregation
in embryonic dopamine neurons that have been implanted
into the striatum of patients with advanced Parkinson’s
disease develops gradually over the course of ~14-16
years. No a-synuclein staining was detected in any of the
grafted neurons in any of the 64 deposit sites in the single
case examined at 18 months post-transplantation. In the
two cases at 4 years, there was a diffuse homogeneous
pattern of staining for a-synuclein in transplanted dopa-
mine neurons that was proteinase K digestible and was
not associated with staining for thioflavin S. These findings
are consistent with the accumulation of soluble a-synuclein,
but without misfolding or aggregate formation. In the two
cases at 14 years and the one case at 16 years post-trans-
plantation, there was prominent a-synuclein aggregate for-
mation in dopamine nerve cells and terminals in all deposit
sites, affecting ~5-30% of the implanted dopaminergic
cells. At these time points, the aggregates were proteinase
K resistant, stained positively for ubiquitin and thioflavin S,
and were indistinguishable from Lewy bodies in the SNc
neurons of these same patients as we have previously re-
ported (Kordower et al., 2008a, b, 2017). These data sug-
gest that in grafted, dopaminergic neurons placed into the
Parkinson’s disease brain, there is a slow, gradual, decade-
long accumulation of misfolded a-synuclein. In this regard
it should be noted that a-synuclein aggregates are virtually
never seen in dopamine neurons of this age.

In contrast, staining for inflammation (CD45) and specif-
ically for activated microglia (TMEM119) was markedly
increased in all graft sites in comparison to non-grafted
regions of the putamen in transplanted patients, and in
comparison to all regions of the putamen in non-grafted
Parkinson’s disease patients and healthy controls (Fig. 2).
This staining pattern was observed at all time points exam-
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Figure 4 Photomicrographs showing TMEMI 19 immunoreactivity. Photomicrographs from grafted regions (A, B, D, F, G, H, ] and K),
putamenal area remote from graft deposits (C, F, I and L), Parkinson’s disease control putamen (M), and control (N), illustrating TMEM119
immunoreactivity. The grafted samples were collected from 18 month (A and B), 4 year (D and E), 14 year (G and H), and 16 year (J and K) time
points after transplantation. Note that intense TMEMI |9 labelled microglia were observed within grafts at all time points examined as compared
with putamenal area remote from graft deposits and Parkinson’s disease patients who did not undergo a transplant procedure. Scale bar = 100 um
in N (applies to B, C, E, F H, I, K, L and M); 500 um in A, D, G and J. Mean optical density (OD) of TMEMI |9 immunostaining was calculated for
graft regions and comparable regions of the putamen of Parkinson’s disease subjects and controls (O). Data are presented as mean optical density
versus non-grafted controls (P < 0.05 to P < 0.001). NC = normal control; PD = Parkinson’s disease.

ined (18 months to 16 years). CD45-positive staining and
the appearance of the cells is indicative of inflammation, but
could represent infiltrating peripheral macrophages particu-
larly at 18 months. However, positive staining with
TMEM19, which is a specific marker for brain resident

microglia, indicates that the inflammation in graft regions
is principally associated with activated microglia even at the
18-month time point. These findings contrast with a-synu-
clein staining, which was not detected at 18 months, and
showed only diffuse soluble, non-aggregated a-synuclein
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Figure 5 Photomicrographs showing morphological pat-
tern of TMEMI [9-labelled microglia. High power photo-
micrographs from grafted regions (A, C, E and G), putamenal area
remote from graft deposits (B, D, F and H), Parkinson’s disease
control (I), and normal control (J) illustrating morphological pattern
of TMEMI 19-labelled microglia. The TMEMI |9-positive microglia
inside grafts at all time points examined displayed dense swollen and
short processes and enlarged cell bodies with bushy morphology
(A, C, E and G). However, in putamen remote from grafts (B, D, F
and H) and Parkinson’s disease control (I), TMEMI 19 labelled small
cell bodies and long ramified processes. In age-matched control (J),
TMEM-positive microglia exhibited light stained cell bodies and fine
ramified processes. Scale bar = 30 um in J (applies to all).

PD = Parkinson’s disease.

accumulation at 4 years post-transplantation. Ser129 phos-
phorylated a-synuclein immune-positive, proteinase K-resist-
ant aggregates with thioflavin S-positive staining indicative

BRAIN 2019: 142; 1690-1700 | 1697

of misfolded a-synuclein were not observed until the cases
examined 14 and 16 years after transplantation. Thus, there
is evidence of abundant and persistent inflammation and
microglial activation in all graft deposit sites years before
the accumulation of a-synuclein aggregates in implanted
dopamine neurons.

Our data demonstrating that following dopamine cell
transplantation, microglial activation is present many
years prior to a-synuclein deposition and aggregation,
raise the possibility that microglial activation might con-
tribute to the development of a-synuclein pathology in
the implanted dopamine neurons, and support the concept
that activated microglia play an integral role in the propa-
gation and spread of a-synuclein pathology (David and
Kroner, 2011; Tomé et al., 2013; Dzamko et al., 2017;
Valdinocci et al., 2017). Recent studies have begun to
shed light on how this might occur. Activated microglia
secrete toxic cytokines such as caspase-1 and calpains,
which metabolize and cleave a-synuclein at the C-terminus
causing the protein to misfold and aggregate (Dufty et al.,
2007; Levesque et al., 2010). In cell culture studies, mena-
dione, which promotes caspase-1 activity, induces dose-de-
pendent truncation and aggregation of a-synuclein (Angot
et al., 2012) that can be blocked by inhibiting caspase-1
with shRNAs or the caspase-1 inhibitor VX765.
Importantly, studies in transgenic mice that overexpress
a-synuclein show that VX765 prevents a-synuclein misfold-
ing and aggregation, as well as degeneration of SNc dopa-
mine neurons (Bassil ef al., 2016). Further, it has been
demonstrated that activated microglia associated with the
Parkinson’s disease microbiome are critical for the spread
of a-synuclein pathology to the CNS and the development
of motor dysfunction in a-synuclein transgenic mice (Wang
et al., 2016). In these transgenic animals, antibiotic treat-
ment, which suppresses the microbiome and the associated
microglial activation, prevents a-synuclein transfer to the
brain and the development of motor impairment.
Subsequent gastric infusion of extracts derived from the
microbiome of Parkinson’s disease patients, but not from
normal individuals, causes recurrence of microglial activa-
tion with the transfer of a-synuclein to the CNS and the
development of motor deficits.

In our transplanted cases, microglial activation could
have been initiated by an immune reaction due to the
implantation of foreign tissue or by the surgical procedure
itself. Indeed, we observed a prominent increase in CD45
cell staining surrounding blood vessels in the early
grafted cases, suggesting the possibility of infiltrating
macrophages from the periphery consequent to a surgi-
cally-induced disruption of the blood-brain barrier
(Dudvarski et al., 2016). It is also interesting to speculate
that activated microglia could release toxic cytokines caus-
ing host a-synuclein to misfold and aggregate, and that
pathological a-synuclein released from cells could be
taken up by microglia causing them to become, or con-
tinue to be, activated, thus accounting for the continued
presence of inflammation and the progressive a-synuclein
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Figure 6 Schematic of the viscous cycle between inflammation and Lewy pathology. Schematic illustration demonstrating how a
variety of factors including the implantation of foreign tissue could cause microglia to become activated and initiate a vicious cycle in which toxic
cytokines cause native a-synuclein to misfold, and the uptake of misfolded a-synuclein causes microglia to become activated. In this scenario,
microglia become activated and release toxic cytokines, which can metabolize and cleave native a-synuclein causing it to misfold, aggregate, and
form pathological inclusions (Lewy pathology). Misfolded a-synuclein can be released from cells and taken up by microglia causing them to become
activated with the release of toxic cytokines, thereby perpetuating the vicious cycle. The release of different toxic cytokines from microglia may
cause a-synuclein to form and fold differently to cause the known diversity of pathological species of a-synuclein. In addition, cytokine release
might affect a-synuclein in nearby cells in a similar manner, thus facilitating the selective spread and propagation of a-synuclein pathology in
vulnerable cell populations. This vicious cycle could explain why a-synuclein pathology developed in implanted dopamine neurons in Parkinson’s
disease patients, how templating occurs in Parkinson’s disease, and how toxic cytokines may be involved in the spread of a-synuclein pathology.

pathology (Duda et al., 2002; Hoenen et al., 2016; Zhang
et al., 2017) (Fig. 6).

Despite evidence of robust inflammation and microglial
activation in graft deposit sites in our transplanted patients
from the earliest time points evaluated, a-synuclein path-
ology was only observed many years afterwards. This sug-
gests that initially, cellular clearance mechanisms may have
been sufficient to clear misfolded proteins and prevent ag-
gregation. Alternatively, cytokines released from microglia
may initially have been present at too low a concentration
to cause the accumulation and aggregation of misfolded
proteins. However, over time, clearance capacities may be
overwhelmed causing the accumulation and aggregation of
the a-synuclein protein. Further, the accumulation of aggre-
gated a-synuclein could accelerate the process, as it has
been shown to interfere with both proteasomal and lyso-
somal clearance mechanisms (Snyder et al., 2003;
Martinez-Vicente et al., 2008; Choi et al., 2015) and to
promote the microglial inflammatory cascade (Hoenen
et al., 2016).

It is also interesting to speculate on whether a similar
sequence of events, but with a different initiating factor,
could account for a ‘templating’ phenomenon in
Parkinson’s disease and explain how aggregated a-synu-
clein could promote misfolding of the wild-type protein.
Based on the observations in our present study, we propose
that the following sequence of events might occur in
Parkinson’s disease (Fig. 6): (i) a-synuclein misfolds and
accumulates (possibly due to genetic, toxic, inflammatory,
or stochastic causes); (ii) misfolded a-synuclein is released

from cells; (iii) extracellular a-synuclein is taken up by
microglia; (iv) microglia become activated; (v) cytokines
are released from activated microglia; (vi) cytokines
cleave/truncate host a-synuclein; (vii) truncated a-synuclein
misfolds and aggregates; and (viii) misfolded a-synuclein
continues to accumulate.

Thus, a vicious cycle might occur in Parkinson’s disease
in which misfolded a-synuclein promotes misfolding of
native «-synuclein ultimately leading to the development
of Lewy pathology and neurodegeneration (Fig. 4).
Indeed, there is evidence of inflammation in sporadic
Parkinson’s disease as well as in asymptomatic patients
with incidental Lewy bodies (McGeer et al, 1988;
Miinch et al., 2000; Doorn et al., 2014). Toxic cytokines
generated from activated microglia could also extend to
affect other vulnerable nerve cells and thus promote the
spread of a-synuclein pathology. That native a-synuclein
is critical for this templating phenomenon to occur is illu-
strated by the observation that a-synuclein fibrils do not
induce Lewy pathology in «-synuclein null animals (Luk
et al., 2012).

The number of transplanted brains we have been able to
study is limited, but they represent the largest number of
brains that have been examined from patients who have
undergone a transplant procedure to date. Unfortunately,
the examinations we were able to perform were restricted
by tissue availability, so we were not able to assess cyto-
kines or other inflammatory markers. However, these cases
are rare, and the material available provides a unique op-
portunity to examine the temporal relationship between
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inflammation/microglial activation and o-synuclein path-
ology in Parkinson’s disease patients. Our findings are
also of potential clinical importance as they suggest that
this mechanism could account for the templating phenom-
enon that underlies the prion phenomenon, and that inter-
ventions that prevent microglial activation or inhibit
cytokines such as caspase-1 or calpains might prevent the
continued production of misfolded protein, and act as dis-
ease-modifying agents in Parkinson’s disease (Games et al.,
2014; Olanow and Kordower, 2017).
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