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LONG-TERM POLARIZATION OF MICROGLIA UPON ␣-SYNUCLEIN
OVEREXPRESSION IN NONHUMAN PRIMATES
netic mutations are found, ␣-syn is the major component of
Lewy bodies (Spillantini et al., 1998). Data from transgenic
lines and other models based on ␣-syn overexpression
have unequivocally shown that the protein can initiate a
cascade of events leading to neurodegeneration and cell
death in CNS (Waxman and Giasson, 2009). Indeed,
␣-syn overexpression via local injections of recombinant
viruses in CNS has proved to be a useful model of PD [for
a review see (Ulusoy et al., 2010)]. One of the advantages
of this approach is that it can be used in higher mammals
such as pigs or monkeys (Kirik et al., 2003; Eslamboli et
al., 2007; Kornum et al., 2010). In marmosets, ␣-syn overexpression led to progressive motor defects, as well as
dopaminergic neurodegeneration and cell death (Eslamboli et al., 2007). Although different factors have been
proposed and shown to be involved in the observed loss of
fibers and cell bodies, the processes leading to these
mechanisms remain elusive.
The research field has recently gained interest in neuroinflammation as a decisive factor in synucleinopathies
such as PD (Fellner et al., 2011). A recently reported
genetic association of PD with the human leukocyte antigen (HLA) region supports a role for immune system in the
disease (Cabin et al., 2005). In addition, microglia activation has been observed in PD patients via in vivo PET
scanning and by immunohistochemistry in postmortem
analysis of brains (McGeer and McGeer, 2004; Hald and
Lotharius, 2005; Ouchi et al., 2005; Gerhard et al., 2006).
Microglia cells are constantly active in CNS; they take care
of the functional state of neurons/synapses constantly patrolling the surrounding environment and sampling for foreign antigens [see review (Kreutzberg, 1996; Kim and de
Vellis, 2005)]. Microglia responds to any change by modulating their number, morphology, and cell surface receptors. Increase in cell number and morphological changes in
microglia have previously been observed in different PD
models based on ␣-syn overexpression (van der Putten et
al., 2000; Neumann et al., 2002; Gomez-Isla et al., 2003;
Chung et al., 2009; Schell et al., 2009; Su et al., 2009). It
is unclear whether these changes are due to the direct
interaction of ␣-syn with microglia or to other released
molecules originating from neurons expressing ␣-syn; both
events can fluctuate during the disease process, leading to
distinct microglia activation patterns at different stages of
the neurodegenerative process. The correlation of HLA
type DR (HLA-DR) expression with ␣-syn deposition in
human postmortem brains from PD patients is suggestive
of a specific relation between ␣-syn and microglia activation (Croisier et al., 2005). Extracellular ␣-syn was shown
to activate microglia in vitro (Zhang et al., 2005; Jin et al.,
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Abstract—We have previously shown that persistent ␣-synuclein overexpression in ventral midbrain of marmoset
leads to a distinctive neurodegenerative process and motor
defects. The neurodegeneration was confined to caudate
putamen dopaminergic fibers in animals overexpressing
wild-type (wt) ␣-synuclein. However, A53T ␣-synuclein overexpression induced neurodegeneration that resulted in nigral
dopaminergic cell death. Here, we analyze the microglia population in the midbrain of these animals by stereological
quantification of Iba1ⴙ cells. Our data here show that monkeys overexpressing A53T ␣-synuclein showed a long-term
increase in microglia presenting macrophagic morphology.
However, wt ␣-synuclein overexpression, despite the absence of dopaminergic cell death, resulted in a permanent
robust increase of the microglia population characterized by
a range of distinct morphological types that persisted after 1
year. These results confirm that the microglial response differs depending on the type of ␣-synuclein (wt/A53T) and/or
whether ␣-synuclein expression results in cell death or not,
suggesting that microglia may play different roles during
disease progression. Furthermore, the microglial response is
modulated by events related to ␣-synuclein expression in
substantia nigra and persists in the long term. The data
presented here is in agreement with that previously observed
in a recombinant adeno-associated virus (rAAV) ␣-synuclein
rat model, thereby validating both the findings and the model,
and highlighting the translational potential of the rodent
model to higher species closer to humans. © 2012 IBRO.
Published by Elsevier Ltd. All rights reserved.
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The role of ␣-synuclein (␣-syn) in Parkinsons disease (PD)
and other synucleinopathies is widely accepted. Missense
mutations or multiplication in the ␣-syn gene are related to
familial PD (Polymeropoulos et al., 1997; Kruger et al.,
1998; Singleton et al., 2003; Chartier-Harlin et al., 2004;
Farrer et al., 2004; Zarranz et al., 2004; Fuchs et al., 2007);
and in both familial and non-familial cases, where no ge*Corresponding author. Tel: ⫹4587167854; fax: ⫹4586131160.
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Abbreviations: AP, anterioposterior; APC, adenomatous polyposis coli; BBB, brain– blood barrier; CBA, chicken beta actin; DV, dorsoventral; GFP, green fluorescent protein; HLA, human leukocyte antigen;
ML, mediolateral; PD, Parkinsons disease; rAAV, recombinant adenoassociated virus; SN, substantia nigra; TH, tyrosine hydroxylase; wt,
wild-type; ␣-syn, ␣-synuclein.
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2007; Klegeris et al., 2008), and microglia uptakes and
processes ␣-syn with higher efficiency than other brain
cells; an uptake that seems to depend on the activation
state of the microglia and the nature of the ␣-syn specie
(Lee et al., 2008; Park et al., 2008). All these, as well as in
vivo data (Kim et al., 2009; Schell et al., 2009; Su et al.,
2009; Sanchez-Guajardo et al., 2010), support the idea of
a differential response of the microglia depending on the
stage of disease that could be related to the type of ␣-syn
produced, presented, or released by the neurons.
All in all, the emerging hypothesis suggests that the
persistent activation of microglial cells is dynamically involved in disease progression. Indeed, microglia exerts a
neuroprotective effect under specific activation profile by,
for example, clearing ␣-syn (Stefanova et al., 2011). In the
present study, we use a progressive neurodegeneration
model of PD, where overexpression of human wild-type
(wt) or mutated (A53T) ␣-syn is mediated by injection of
recombinant adeno-associated virus (rAAV) directly into
the ventral midbrain of nonhuman primates (Kirik et al.,
2002, 2003; Eslamboli et al., 2007). We previously reported that, in marmoset, A53T ␣-syn overexpression led
to unequivocal dopaminergic cell death 1-year postinjection of the rAAV. However, wt ␣-syn expression, although
it induced pathological ␣-syn accumulations and fiber loss
in striatum, did not induce any cell loss in substantia nigra
(SN) (Eslamboli et al., 2007). Here, microgliosis was stereologically quantified in those same animals by comparing the number of Iba1⫹ cells in the transduced vs. the
control side. Our data suggest that ␣-syn expression not
only leads to persistent microglia activation, but that depending on the degree of induced neuropathology, distinct
microglial responses will occur. Mutated A53T ␣-syn expression induced dopaminergic cell death that correlated
with the long-term total polarization of the microglial population toward a macrophagic-like phenotype, whereas wt
␣-syn that induced neurodegeneration limited to dopaminergic terminals in caudate-putamen, correlated to robust
increase of a pluripotent microglia population.

Recombinant AAV vector preparation
The vectors pseudotyped rAAV2/5 (rAAV2 vectors packaged in
AAV5 capsids vectors) were constructed and titrated at the University
of Florida Gene Therapy Center Vector Core. The rAAV2/5-CBA-␣syn vector contains the coding sequence for the human ␣syn gene
under the control of the synthetic chicken beta actin (CBA) promoter
(Xu et al., 2001; Kirik et al., 2002, 2003) and the human bovine
growth hormone poly A site, flanked by AAV2 ITRs. The rAAV-CBAA53T-␣-syn mutant has the same features as the WT vector except
for the mutated amino acid (an alanine to threonine substitution at
position 53). The rAAV2/5-CBA-GFP vector contains the coding
sequence for humanized GFP (Zolotukhin et al., 1996) under the
control of the synthetic CBA promoter (Xu et al., 2001) and the SV40
polyadenylation signal followed by the neomycin resistance gene
under the control of the mutant polyoma virus enhancer/promoter
(PYF441) and the human bovine growth hormone poly A site, flanked
by AAV2 ITRs. The vectors were purified by iodixanol step gradients
and Sepharose Q column chromatography, as described in detail
elsewhere (Zolotukhin et al., 2002). The final titer for vectors encoding wt-␣-syn, A53T-␣-syn, and GFP genes were 2.1⫻1013,
4.9⫻1013, and 2.9⫻1013 genome copies/ml, respectively, as determined by dot blot (Zolotukhin et al., 1999).

Surgical procedures
Monkeys were premedicated with 0.05 ml ketamine (Vetalar;
Schering-Plough Ltd., Welwyn Garden City, UK; 100 mg/ml, intramuscularly) and anesthetized with 0.5 ml alphaxalone-alphadolone (Saffan; Schering-Plough Ltd., Welwyn Garden City, UK;
12 mg/ml given intramuscularly). A supplementary dose of 0.2–
0.3 ml Saffan was administered intramuscularly during surgery if
necessary. The monkeys were administered 0.03 ml of the analgesic carprofen prior to surgery (Rimadyl; Pfizer, Sandwich, UK;
50 mg/ml given subcutaneously). The injections of viral vectors
were made with a 28 g 10 l Hamilton needle at a rate of 0.5
l/min. Two injections of 2 l, that is, a total of 4 l, were made
unilaterally in the SN via a small cranial burr hole. After each
injection, the needle was kept in place for an additional 5 minutes
before it was withdrawn and the skin sutured. The injections were
made using coordinates derived from a stereotaxic atlas (Stephan
et al., 1980) at the following anterioposterior (AP), mediolateral
(ML), and dorsoventral (DV) sites: (1) AP 5.5, ML 2.5, and DV 6.6
(2) AP 4.5, ML 2.5, and DV 6.6. Three different sets of instruments, one for each vector, were used to eliminate the risk of
cross contamination from the needles. For each group, half the
animals were injected in the left hemisphere and half in the right.

Immunohistochemistry

EXPERIMENTAL PROCEDURES
Monkeys and experimental design
Experimental procedures were carried out in accordance with the
UK Animals (Scientific Procedures) Act 1986. Thirty (17 females
and 13 males) laboratory-bred adult common marmosets (Callithrix jacchus) were divided into three groups of 10 and each
monkey was injected with the following: (a) rAAV2/5-CBA-␣-syn
encoding the human wt ␣-syn (WT Group); or (b) rAAV2/5-CBAA53T-␣-syn encoding the A53T-mutated form of human ␣-syn
(A53T Group); or (c) rAAV2/5-CBA-GFP encoding green fluorescent protein (GFP Group) in the control group. One-year postsurgery twenty-four animals (8 per group) under pentobarbital anesthesia were perfused through the ascending aorta with physiological saline, followed by 4% ice-cold paraformaldehyde. Of all the
animals included in the study previously reported, 19 (WT group
n⫽7; A53T group n⫽6; GFP group n⫽6) were further analyzed in
this project (Eslamboli et al., 2007).

The perfused brains were postfixed in the same solution for 2 h,
cryoprotected in 30% sucrose, and then sectioned on a freezing
microtome at 35 m in the coronal plane. Immunohistochemical
stainings were performed on free-floating sections using antibodies raised against tyrosine hydroxylase (TH) (rabbit polyclonal;
1:500; Pel-Freez, Rogers, AR, USA), GFP (rabbit polyclonal; Abcam; 1:20,000, Cambridge, UK), human ␣-syn (syn-211; mouse
monoclonal, 1:2,000; courtesy of Dr. Virginia M. Lee, University of
Pennsylvania), Iba-1 (rabbit polyclonal; 1:500; Wako, Osaka, Japan), HLA-DR (required antigen retrieval by heat; mouse monoclonal; 1:50, Dako, Denmark), CD19 (rabbit polyclonal; 1:200;
Abbiotec), and albumin (rabbit polyclonal; 1:10000; Dako, Denmark). All incubation solutions contained 0.25% Triton X-100 in
potassium-phosphate buffer (KPBS) and were followed by rinses
in KPBS. The sections were quenched for 10 min in 3% H2O2/10%
methanol. One hour of preincubation with 5% normal serum (NS)
was followed by incubation with the primary antibody in 2% NS at
room temperature overnight and incubation with 1:200 dilution of
an appropriate secondary antibody (Vector Laboratories, Burlin-
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game, CA, USA) in 2% NS, followed with avidin-biotin-peroxidase
complex (ABC Elite; Vector Laboratories, Burlingame, CA, USA),
and visualized using 3,3-diaminobenzidine as a chromogen,
mounted on chrome-alum-coated glass slides, when convenient
counterstained with Cresyl Violet, and coverslipped.

Stereological quantification of cell numbers in the
midbrain
The unbiased stereological estimation of the total number of
Iba-1⫹ cells in SN was made by a researcher blind to the identity
of the animal group, using the optical fractionator as previously
described (Kirik et al., 2002) with the NewCAST software from
Visiopharm. This sampling technique is not affected by tissue
volume changes and does not require reference volume determinations. A low-power objective lens (1.25⫻, SPlan) was used to
delineate the borders of the SN at all levels in the rostrocaudal
axis. Adjacent sections immunostained for TH were used to determine the borders of the SN. In the anterior sections, the area
occupied by the TH-positive cells visible was considered the pars
compacta. In the central and caudal sections, the border between
the TH-positive cells in the ventral tegmental area and the pars
compacta region was just lateral to the roots of the third nerve. At
the most caudal level, the pars compacta was defined as the area
occupied by the dense TH-positive cell group ventral to the medial
lemniscus and the retrorubral area. The Iba-1⫹ cells in the area
occupied by the pars reticulata were included in the cell counts.
This typically yielded eight to nine sections in a series. The counting frame was placed randomly on the first counting area and
systematically moved through all counting areas until the entire
delineated region was sampled. The sampling frequency was
chosen by adjusting the X-Y step length to 300 –350 m that
yields an average final count of 300 – 400 Iba-1⫹ cells in each side
of the SN. Actual counting was done using a 63⫻ objective (NA
1.25), and positive cell was defined as a nucleus covered and
surrounded by Iba-1 immunostaining. The estimates of the total
number of microglia were calculated according to the optical fractionator formula, and a coefficient of error ⬍0.10 was accepted
(Gundersen and Jensen, 1987; West, 1999).

Morphological characterization
During the stereological analysis, the morphology of each Iba-1⫹ cell
was scored according to the length and thickness of its processes,
the characteristics of its cell body and nucleus, as done previously
(Sanchez-Guajardo et al., 2010) (Fig. 1). Briefly, four cellular profiles

87

were defined: Type A cells had no visible cytoplasm, a round dense
nucleus, and long thin processes with little branching; these were
deemed resting/homeostatic microglia that may correspond to the
so-called resting microglia. Type B cells had a thin visible cytoplasm
surrounding a dense nucleus and very long and thin processes with
many branches. Type C cells had an elongated and irregular body,
an enlarged and less defined nucleus, and shorter processes of
varying thickness and little branching. Type D cells had a big cell
body merging with the processes, a nucleus occupying most of the
cell body and not always distinguishable, and few thick and short
processes. These cells look indistinguishable from peripheral macrophages.

Statistics
Statistical comparison of data was performed using JMP statistical
software v. 5.01 (SAS Institute Inc, Cary, NC, USA). Groups were
compared by one-way analysis of variance (ANOVA) followed by
Tukey–Kramer post hoc analysis. Alpha value for statistical significance was set as 5% (P⬍0.05). Data are presented as
mean⫾standard error of the mean.

RESULTS
Pseudotyped rAAV2/5 vectors did not transduce
microglia in the primate midbrain
Pseudotyped rAAV2/5 vectors were used to over express
human wt or A53T-mutated ␣-syn, or the GFP marker protein
as control. As previously described, we observed the presence of neurons expressing the transgene located in the
injected side, as well as scattered cells in the ventral midbrain
that morphologically resembled astrocytes (Fig. 1). In addition, in the cerebral peduncle (CPd), transduced cells resembling oligodendrocytes were found (Fig. 1) [previously confirmed by adenomatous polyposis coli (APC) co-expression,
see (Eslamboli et al., 2007)]. However, no evident cellular
profiles resembling microglia were observed in the animals.
Uninjected midbrain exhibited similar numbers and
type of Iba-1ⴙ microglia across groups
The total number of Iba-1-positive cells in the ventral midbrain (including SN compacta and reticulata) was deter-

Fig. 1. Representative morphologies of GFP⫹ cells. High magnification photos show the three representative cell morphologies expressing the
transgene 1-y postinjection of rAAV-GFP. Cells with a typical astroglia profile were found in the ventral midbrain (arrow in A), as well as neurons located
in the SN (arrow in B). In the more ventral area of the midbrain, the cerebral peduncle, GFP⫹ cells of small size, but extensive processes, were
observed resembling oligodendroglia (arrows in C). Scale: 20 m applies to all. For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.
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Fig. 2. Representative morphologies of Iba1⫹ cells. Four different morphologies of microglia were observed. Type A: round dense nucleus, no visible
cytoplasm, and long thin processes with little branching. Type B: dense nucleus surrounded by thin visible cytoplasm and long thin processes with
many branches. Type C: irregular cell body with enlarged nucleus, shorter and thicker processes with little branching. Type D: big irregular cell body
merging with short thick processes. Scale: 20 m applies to all. For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.

mined by stereological quantification. During the Iba-1 stereological quantification, microglial cell profile was noted
and scored into four distinct morphologies, type A through
D, to allow us to compare the microglial response between
groups. These were defined based on length and thickness of processes, as well as the shape and size of both
cell body and nucleus (Fig. 2). As expected, there was
no difference between the control sides in the three

groups, and an average of 83.7⫾1.7⫻103 Iba1⫹ microglia cells were present in the uninjected SN (Fig. 3). This
was also true when the number of the different Iba-1⫹
profiles (from A to D) was compared across groups (Fig.
3). This analysis showed type A as the most abundant
profile (aprox. 70%) followed by type B (more than 15%)
(Fig. 3). Type C and D, the more activated profiles, were
rarely observed (5–7% and 1–2%, respectively) (Fig. 3).

Fig. 3. Stereological estimation of Iba1⫹ cells in the uninjected control side of all three groups GFP, WT, and A53T, 1-y postsurgery. (A) No difference
in total number of Iba1⫹ cells was observed in the control side among all three groups. (B) No difference was observed across groups when Iba1⫹
cells were classified according to their profile.
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Fig. 4. Representative overview of Iba1, tyrosine hydroxylase (TH), and transgene (GFP/WT or A53T ␣-syn) expression in midbrain sections
1-y postsurgery. Sections at the level of the midbrain stained with antibodies for Iba1, a microglial marker; TH, a dopaminergic marker; and for
GFP (G) or ␣-syn (H, I). Notice the upregulation of Iba1 expression in the injected side (right midbrain in all sections) of all groups but more
robustly in the WT and the A35T animals (A–C). No obvious change in dopaminergic population was observed 1 y after injection of rAAV-GFP
(D). Overt dopaminergic neurodegeneration was only visible in the A53T-expressing animals, although both WT and A53T animals show
shrinkage at the level of SN (E, F). Transgene expression after 1 y is extensive in GFP animals (G); wt ␣-syn-overexpressing animals show
␣-syn⫹ staining covering ventral midbrain (H); A53T-overexpressing animals show fewer cells expressing the transgene than GFP and WT
animals, probably due to the cell death (I). Scale: 1500 m applies to all. For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.

For statistical purposes and clarity, all group numbers in the
uninjected side were average and denoted as “Control.”
Both wt and A53T ␣-synuclein lead to significant
increase of microglia in midbrain independently of
the presence of cell death
When Iba-1-immunostained sections were analyzed in the
microscope at low magnification, all three groups showed
an obvious increase of Iba-1 staining in the injected side
relative to the uninjected side. Furthermore, when comparing the injected sides of all three groups, Iba-1 staining
increased in intensity from GFP⬍WT⬍A53T (Fig. 4). It
should be noticed that the cellular intensity of Iba-1 staining increases in the type C and D profiles, which display
a much darker staining than the type A or B (Fig. 2).
Therefore, the overall Iba-1⫹ intensity increase across the
groups would reflect both an upregulation of total number
of microglia cells and polarization toward a macrophagic
morphology. Indeed, increased expression of Iba-1 is related to proliferation, migration, and phagocytosis (Imai
and Kohsaka, 2002; Ohsawa et al., 2004). To address the
possible infiltration of peripheral macrophage as a result of
decreased integrity of the brain– blood barrier (BBB), we

stained selected sections with an antialbumin antibody; no
signs of BBB leakage were observed (data not shown), as
albumin staining was only observed within blood vessels
and not throughout parenchyma [as is expected when the
BBB is compromised (Nag, 1996)].
Stereological quantification of Iba-1⫹ microglia in the
injected side revealed that the increased Iba-1 expression
observed indeed corresponded with a significant increase
in microglia cell numbers when compared with the control.
However, the numbers of cells in the injected side was not
similar across groups (Fig. 5). GFP expression in midbrain
induced a 54% increase in total cell number to an average
of 127.6⫾5.1⫻103 Iba-1⫹ cells in the injected side, which
may be considered as a response to the injection of the
viral vector and accumulation of the foreign protein GFP in
the SN. A53T mutant and wt ␣-syn both induced a significantly higher increase of 85% and 100%, respectively,
compared with the control side. In these two groups, the
number of total Iba-1⫹ cells in the injected side was significantly higher than that for the GFP ipsilateral side; with
an average of 154.1⫾8.6⫻103 Iba-1⫹ cells in the A53T
group and the highest number in the WT group with
166.9⫾4.9⫻103 Iba1⫹ cells.
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Fig. 5. Stereological estimation of Iba1⫹ cells in the injected substantia nigra vs. the uninjected control substantia nigra. Numbers of Iba1⫹
cells in the injected midbrain of all three groups were significantly
higher than in the control side (CTR). However, both WT and A53T
animals have a significantly higher increase in Iba1⫹ cells number in
the injected SN compared with the GFP animals. ** (P⬍0.001) different from control; ## (P⬍0.001) different from control and GFP.

Wt ␣-synuclein induced a surge of both activated
and resting/homeostatic microglia, whereas A53T led
to increase of the macrophagic microglia
For the GFP group, we observed a significant increase
only in the type C and D morphologies, suggesting the
microglial population mounted a response against the per-

sistent presence of a foreign protein, which did not involve
type A and B populations (Fig. 6). However, WT animals
showed a significant increase in all profiles compared with
the control side, although the trend for type B cell missed
significance (P⫽0.057) (Fig. 6). In the A53T Group, the
Iba-1⫹ cell increase was solely due to a significant increase in type C and D profile (Fig. 6). Although all groups
showed an induction of microglia of type C and D, it should
be noticed that the numbers were significantly higher in
WT and A53T animals compared with GFP, suggesting
that the activation processes is not merely induced protein
overexpression but is related to the nature or toxicity of the
protein itself. This notion is reinforced by the fact that
A53T, which is suggested to be more toxic than wt ␣-syn,
induced an activation that polarized the microglia response
to a restricted type C and D, whereas in the WT, we saw a
wide activation spectrum. However, the most representative Iba-1⫹ microglia in WT by far was the resting/homeostatic type A (77.6⫾4.2⫻103 vs. 43.9⫾1.4⫻103 of type C,
the second most abundant), suggesting an increase of
function, but not polarization, of the microglia.

␣-Synuclein induced increase in activated microglia
in detriment to the resting/homeostatic microglia
Differences were also apparent when the stereological
quantification of each microglia type was calculated as the
average percentage distribution in the population. In con-

Fig. 6. Stereological quantification of the four profiles of Iba1⫹ cells. The different transgene overexpression lead to distinctive increases in the four
defined microglial profiles. WT animals show a wider activation with increase in all four Iba1⫹ types compared with the control side (CTR). However,
in A53T animals, only type C and D were significantly increased, a change that, although similar in nature, was significantly higher to that observed
in GFP animals. * (P⬍0.05) or ** (P⬍0.001) different from control; ## (P⬍0.001) different from control and GFP; §§ (P⬍0.001) different from all other
groups (P⬍0.001).
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trol side more than 70% of the microglia is at the resting/
homeostatic state A, approximately 18% adopt the B profile, and less than 10% is in the more polarized types: C
(7%) or D (1.5%). The proportion of resting/homeostatic
microglia type A decreases in the injected side of all
groups compared with the control (GFP 52%, WT 47%,
and A53T 39% of total Iba-1⫹ population) in detriment to
the more polarized C and D profiles that were significantly
increased in all groups. In the A53T group, 20% of the
microglial cells are macrophagic (D profile), and this is
significantly higher than in all other groups (GFP 12% and
WT 9%). In contrast, this was the only group to have a
significant lower percentage of type B cells compared with
the control side (GFP 15%, WT 15%, and A53T 10% of
total Iba-1⫹ population), supporting the presence of a
more polarized activation in the A53T vs. the broad activation in the WT animals. Indeed, the subpopulation distribution is very similar between the GFP and WT groups,
although the size of the overall population is significantly
greater in the WT, suggesting a stronger/different activation (Figs. 5 and 6).
HLA-DR expression and B cells infiltration
To gain more information regarding the mounted immune
response, one section from caudate-putamen and one
from midbrain were stained against HLA-DR (five animals:
one WT; two A53T, the first with 36% dopaminergic cell
death and the second with 62% cell death; and two GFP).
The analysis revealed unilateral expression of HLA-DR
through the injected midbrain with intensity and area covered increasing in the following order: wt⫽A53T (36% cell
death)⬍A53T (62% cell death)⬍GFP (Fig. 7). The GFP
animals showed HLA-DR⫹ microglia only in midbrain; the
staining observed was punctuated and mainly restricted to
the processes, making it difficult to do a phenotypic quantification, but on occasions, we observed HLA-DR⫹ microglia type B (not shown). In addition, numerous round cells
were found in the parenchyma both in midbrain and caudate-putamen (Fig. 7). These round cells resemble morphologically infiltrated peripheral B cells, which are known
to function as APC and interact directly via HLA-DR with
CD4 T cells during an adaptive immune response. The
presence of these round cells suggests an ongoing immune response to GFP due to its exogenous origin.
In the ␣-syn-expressing animals, HLA-DR⫹ round
cells were less numerous, and HLA-DR expression was
primarily associated to cell/microglia processes. In the
A53T-expressing animals, HLA-DR⫹ microglia were
mainly of type C (Fig. 7) and intermingled with round
HLA-DR⫹ cells in the midbrain. In caudate putamen, A53T
animals showed few scattered HLA-DR⫹ round cells and
numerous HLA-DR⫹ processes (not shown). The WT expressing animal showed scattered round HLA-DR⫹ cells
in midbrain and numerous HLA-DR⫹ microglia type B (Fig.
7). This animal showed HLA-DR⫹ processes throughout
caudate putamen and only isolated round HLA-DR⫹ cells
(not shown).
To determine the etiology of the round HLA-DR⫹ cells,
the mounted sections were decoversliped and stained with
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an antibody for CD19, a B cell marker. In all animals, a
fraction of the round HLA-DR⫹ cells stained expressed
CD19, showing for the first time, a long-term infiltration of
B cells into marmoset’s midbrain (Fig. 7). There were no
CD19⫹ HLA-DR⫺ cells present in any animal.

DISCUSSION
We have previously shown that persistent overexpression
of ␣-syn in ventral midbrain of nonhuman primates led to
distinctive neurodegenerative processes and motor defects (Eslamboli et al., 2007). The neuropathology was
confined to caudate putamen dopaminergic fibers in animals overexpressing wt ␣-syn with a limited cell loss in the
SN, whereas the overexpression of A53T ␣-syn resulted in
robust degeneration of dopaminergic cells in SN. In the
present study, we analyze the microglia population in the
midbrain of these animals by stereological quantification of
Iba-1⫹ cells. Our data show that independently of the
presence of cell death, ␣-syn expression lead to proliferation and/or migration of activated microglia, which persisted for 1 year after transduction of the cells. Overexpression of wt ␣-syn resulted in neuropathology that correlated with a significant increase of Iba-1⫹ microglia, a
population that was characterized by an ample spectrum of
morphological phenotypes, with the resting/homeostatic
microglia (type A) being the most abundant type. However,
A53T ␣-syn overexpression led to pathological accumulation of the protein and cell death that induced a significant
increase in microglia and its polarization into the macrophagic phenotype (type D). In addition, both wt and
A53T ␣-syn induced expression of HLA-DR in caudate
putamen.
Although previous studies have quantified HLA-DR
(human homologue of MHC class II)-positive cells in the
SN of macaca monkeys in MPTP models of PD (Hurley et
al., 2003; Kanaan et al., 2008, 2010; Vazquez-Claverie et
al., 2009), a complete stereological quantification of total
number of microglial cells in SN of the common marmoset
brain has never been reported. Importantly, resting/homeostatic microglia does not express HLA-DR to a significant degree to allow for stereological quantification and
morphological classification of the entire microglia population using that marker (Hurley et al., 2003; Barcia et al.,
2004). Therefore, although these studies show HLA-DR
upregulation of microglia in response to MPTP, they do not
provide information on the total number of microglial cells
as we have carried out. We show here that the numbers of
Iba-1⫹ cells were higher in groups overexpressing either
wt or A53T mutant ␣-syn than for the GFP group, suggesting that the differential increase in numbers was due to the
nature of the overexpressed protein and not the rAAV or
merely overexpression of a protein. This is in agreement
with previous observations in rodents (Theodore et al.,
2008; Sanchez-Guajardo et al., 2010). However, differently from rats, where the microglial number in GFP or
␣-syn overexpressing SN returned to lower levels beyond
15 weeks and were no longer different, ␣-syn-induced
microgliosis in the nonhuman primate brain persisted with
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Fig. 7. Photos show HLA-DR and CD19 coimmunostaining at the ventral midbrain of animals 1-y postinjection of rAAV encoding for GFP (A, A’, and
D), A53T ␣-syn (B, B’, and E), or WT ␣-syn (C, C’, and F). Sections at the level of the midbrain stained with antibodies for HLA-DR, an antigen
presenter marker, show upregulated expression in the injected side (right midbrain in all) in this order GFP⬎A53T⬎WT (A–C). (A’), (B’), and (C’) show
a higher magnification of the area marked with an asterisk in the sections shown in (A), (B), and (C), respectively. Notice the lower expression and
HLA-DR⫹ cells number in the WT animal (C’) compared with GFP (A’) and A53T (B’) animals. Sections were decoverslipped and coimmunostained
for CD19 to reveal B cell infiltration that appeared in black due to a nickel enhancement treatment. The right column shows high magnification of
HLA-DR round cells found in all three groups (D–F). Notice that some of these round HLA-DR⫹ cells were CD19⫹ (B cells) (arrow in D and E);
however, we also found HLA-DR⫹ cells that were not CD19⫹ (arrow in F). Scale: in A’ 100 m applies to (A’–C’); in D 10 m applies to (D–F).

the two transgene for 1 year after viral transduction and
several months after the first signs of neurodegeneration
[as judged by motor behavioral impairments; see (Eslamboli et al., 2007) for further details]. This is in agreement
with toxic monkey PD models, where microglia activation
was seen independently of the presence of cell death and
long after intoxication and/or cell death, if any occurred
(Hurley et al., 2003; McGeer et al., 2003; Barcia et al.,
2004). Although the use of primates precluded us from
obtaining a time course analysis of the microglia upregulation, it is possible that the progression of microglial response in the primate brain in time is not comparable with
that seen in rats, where microglia cell numbers peak and
subdue earlier in the absence of cell death.
In this study, four different microglial morphologies are
observed based on shape of nucleus, size of cell body, and

processes characteristics (thickness, length, and branching); morphologies based on previously defined profiles
of resting/activated microglia [see (Kreutzberg, 1996;
Kettenmann et al., 2011) for further reading]. The morphological changes that microglia undergo as a result of external changes have been elegantly shown by in vivo two
photon-confocal; initial hyper-ramification, followed by retraction of processes and enlargement of the cell body is a
distinctive event associated with microglia surveillance,
and their different activation stages (Davalos et al., 2005;
Nimmerjahn et al., 2005). This supports the concept of
resting, and different types of activated microglia, from
hyper-ramified to macrophagic, which are the base of our
classification (Streit et al., 1999). Indeed, these profiles
have been used in other PD models such as the LPS-PD
model in rats (Tomas-Camardiel et al., 2004). They are
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also in accordance with morphologies previously defined in
MPTP-intoxicated macaca monkeys and in wt ␣-syn-overexpressing rodents (Kanaan et al., 2008; Sanchez-Guajardo et al., 2010). We found that overexpression of wt
␣-syn induced a significant increase of resting/homeostatic
microglia (type A), as well as the antigen presenting cell
type (type C) and the phagocytic-like cell (type D). However, A53T ␣-syn induced the highest increase in macrophagic microglia (type D) composing almost 20% of all
microglial cells in these animals. These two different activation profiles correlate with previous findings that in the
earliest stages and in the absence of frank cell death,
microglia has antigen presenting abilities, whereas macrophagic microglia, as judged by CD68 expression, dominates in cases with substantial neuronal cell death (Marinova-Mutafchieva et al., 2009; Sanchez-Guajardo et al.,
2010). It should be noted that despite the overall increase
in the WT group, the resting/homeostatic population remained as the main cell type, suggesting an important role
of this subpopulation in the response to a detrimental
signal that does not result in cell death. Indeed, resting
microglia can define the fate of synapses, contributing to
remodelation and survival of otherwise damaged neurons
(Wake et al., 2009).
Previous animal studies showed that besides timespecific morphologies, the magnitude of the microglial response also varies depending on the stage of pathology,
where neuropathology in the absence of neuronal death
leads to a higher increase in total number of microglia than
in cases where neurodegeneration is profound (Barcia et
al., 2004; Sanchez-Guajardo et al., 2010). This is in agreement with our data, since overexpression of human wt
␣-syn, which causes axonal neuropathology in caudate
putamen but none or minimal nigral neuronal loss in the
marmoset, induces a higher increase of Iba-1⫹ cells than
A53T ␣-syn, which leads to a 40% loss of nigral dopaminergic neurons (Eslamboli et al., 2007). This suggests that
the number of microglia is directly correlated with the number of ␣-syn-expressing neurons. However, microglia’s
profile seems dependent on the amount or type of ␣-syn
expressed or released by neurons, as well as the presence
of cell death. ␣-Syn may exert its effect on microglia
through two different pathways: released ␣-syn, probably
by exocytosis (Lee et al., 2005; Emmanouilidou et al.,
2010) or due to cell death, may activate microglia directly
(i.e. pinocytosis, TLRs, scavenger receptors, etc). Or alternatively, neuron– glia interactions can put microglia in
contact with ␣-syn even in the absence of active ␣-syn
release (i.e. through ␣-syn-IgG-FcR, ␣-syn-ComplementCR3, nibbling of synapses by microglia, etc). The way
␣-syn comes in contact with microglia is probably related to
the type of ␣-syn present at a given time of the pathology,
reflecting the state of neurodegeneration of the neuron,
and will be accompanied by a cocktail of different soluble
factors. In fact, wt ␣-syn or A53T ␣-syn expression induces
neurons to release different soluble factors that in turn
activate microglia differently (Alvarez-Erviti et al., 2011).
Although it has been long proposed a deleterious role for
the activated microglia, it has been also shown the neuro-
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protective effect of this population (Stefanova et al., 2011).
Therefore, a fine balance in these different activation profiles might be essential for the neuronal survival.
These different scenarios of activating microglia may
be the reason why we observed two different responses in
the WT vs. A53T group. Indeed in our case the neuronal
expression of wt ␣-syn led to microglia accumulation and
expression of MHC II/HLA-DR, which has been shown to
occur before the macrophagic activity (i.e. CD68⫹ cells)
(Marinova-Mutafchieva et al., 2009). Additionally, postmortem studies show that there is an increase in HLA-DR
expression in PD patients and that the expression level
correlates with ␣-syn deposition but not with disease duration (Croisier et al., 2005; Orr et al., 2005), which implies
that it is an early and persistent event. This is probably the
reason why A53T ␣-syn expression in neurons resulted in
microglial HLA-DR expression despite them having an
alternative activation profile, which becomes morphologically macrophagic-like. Although not investigated in this
work, this morphologically distinct microglia may have very
different properties than the ones induced by wt ␣-syn.
Indeed, activation of microglia in MPTP-intoxicated monkeys has been shown to induce changes in microglia ramifications, probably a tool to increase their scanning ability (Barcia et al., 2009).
So the induction of distinct morphological activation
patterns probably relies upon neuronal status and the nature of the ␣-syn expressed and/or presented. In vitro wt
␣-syn can itself induce activation of microglia, but A53T
mutant variant does it more efficiently (Roodveldt et al.,
2010). Oligomeric ␣-syn activates microglia more efficiently than monomeric ␣-syn (Zhang et al., 2005; Roodveldt et al., 2008), and A53T ␣-syn oligomerizes faster
than wt ␣-syn (Narhi et al., 1999; Li et al., 2001). Considering that ␣-syn, both monomeric and oligomeric, is actively released from neurons (Lee et al., 2005; Emmanouilidou et al., 2010), the presence of A53T could cause a
much more aggressive microglial activation driving a polarization of the population into becoming macrophagic. In
this line, the A53T mutation causes a more aggressive
phenotype of PD than for instance duplication of the gene
(Levy et al., 2009). It is possible that the macrophagic
profile of microglia seen in this study is partly responsible
for this phenotype. However, we should also take into
account that the presence of dying or dead cells can be
sufficient to activate microglia toward the macrophagic
phenotype, which could explain the higher type C &D
populations in the A53T animals. However, although the
presence of type C &D cells as an unspecific consequence
of the cell death cannot be excluded, it should be noted
that such types are also increased in the WT (lacking cell
death) and differ in the GFP group, suggesting an ␣-syndependent induction of these profiles and a putative role
for these subpopulations in the clearing process of misfolded proteins as previously suggested (Ha et al., 2012).
In conclusion, we show here that wt or A53T ␣-syn
overexpression in ventral midbrain in marmoset induced a
persistent activation and increase in microglia Iba-1⫹. Although these changes did not require the presence of cell
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death, they differed depending on the type of ␣-syn overexpressed and/or the death of the neurons. A53T ␣-syn
overexpression, which was able to induce cell death, polarized microglia toward a macrophagic profile, whereas wt
␣-syn overexpression that resulted in a significant loss of
dopaminergic terminals in caudate putamen without frank
cell loss in SN, led to an expansion and activation of the
microglia population but without distinct polarization.
These data suggest that the persistent activation of microglial cells in PD is dynamically linked to the disease progression. This dynamic process is probably orchestrated
by a combination of factors initiated and governed by
␣-syn, and the presence of mishandled ␣-syn might be the
underlying trigger that leads to neuronal changes that
would ultimately be sensed by microglia, resulting in a
response corresponding to these direct or indirect signals
initiated by the neuronal expression of ␣-syn.
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