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Abstract

Alpha-synuclein is highly expressed in the central nervous system and plays an important role in 

pathogenesis of neurodegenerative disorders such as Parkinson's disease and Lewy body dementia. 

Previous studies have demonstrated the expression of α-synuclein in hematopoietic elements and 

peripheral blood mononuclear cells, although its roles in hematopoiesis and adaptive immunity are 

not studied. Using an α-synuclein knock out (KO) mouse model, we have recently shown that α-

synuclein deficiency is associated with a mild defect in late stages of hematopoiesis. More 

importantly, we demonstrated a marked defect in B lymphocyte development and IgG, but not 

IgM production in these mice. Here we show a marked defect in development of T lymphocytes in 

α-synuclein KO mice demonstrated by a significant increase in the number of CD4 and CD8 

double negative thymocytes and significant decreases in the number of CD4 single positive and 

CD8 single positive T cells. This resulted in markedly reduced peripheral T lymphocytes. 

Interestingly, splenic CD4+ and CD8+ T cells that developed in α-synuclein KO mice had a 

hyperactivated state with higher expression of early activation markers and increased IL-2 

production. Moreover, splenic CD4+ T cells from α-synuclein KO mice produced lower levels of 

IL-4 upon antigenic stimulation suggesting a defective Th2 differentiation. Our data demonstrate 

an important role for α-synuclein in development of T lymphocytes and regulation of their 

phenotype and function.
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Introduction

Synucleins (including α-, β- and γ-synucleins) are a group of small proteins (14-17kDa) that 

are expressed at high levels in the central nervous system (Lavedan, 1998). They have been 

described only in vertebrates and are characterized by very conserved amino-terminal and 

less conserved caboxy-terminal sequences (George, 2002). A peptide derived from α-

synuclein was first identified in the purified amyloid plaques of the brains of Alzheimer's 

patients (Ueda et al., 1993), and α-synuclein was later identified as a major component of 

Lewy bodies in Parkinson's disease (PD) and dementia with Lewy bodies (Irizarry et al., 

1998). Point mutations in α-synuclein are known to cause familial Parkinson's disease 

(Zarranz et al., 2004). However, the physiologic function(s) of α-synuclein remain poorly 

understood, although its presynaptic localization (Iwai et al., 1995), and membrane 

interaction suggest a role for neurotransmitter release (Bendor et al., 2013). In fact, 

nigrostriatal nerve terminals of α-synuclein knock-out mice have shown increased dopamine 

release in response to paired stimuli suggesting an inhibitory role for α-synuclein in 

regulation of neurotransmitter release (Abeliovich et al., 2000).

The role of α-synuclein in the development of the hematopoietic system has been the subject 

of a few studies. The expression of α-synuclein was shown in erythroid precursors and 

megakaryocytes in bone marrow, as well as erythrocytes and platelets in peripheral blood 

(Hashimoto et al., 1997; Nakai et al., 2007). Maturation of megakaryocytes leads to 

increased expression of α-synuclein with a concomitant down-regulation of β-synuclein 

(Hashimoto et al., 1997). Consistent with these findings, α-synuclein has been shown to be 

expressed by blasts of acute erythroid leukemia and acute megakaryoblastic leukemia, 

whereas its expression is reduced in megakaryocytes of myeloproliferative disorders (Maitta 

et al., 2011). Expression of β-synuclein, on the other hand, is noted only in the blasts of 

acute megakaryoblastic leukemia (Maitta et al., 2011).

Some reports have suggested a role for α-synuclein in the development and function of the 

immune system. Human peripheral blood mononuclear cells (PBMC), including B and T 

lymphocytes, NK cells and monocytes express α-synuclein (Kim et al., 2004; Shin et al., 

2000), and α-synuclein expression is higher in PBMCs of individuals with PD compared to 

those of healthy controls (Gardai et al., 2013; Kim et al., 2004). In fact, monocytes from 

familial and sporadic PD patients have defective phagocytosis compared to age-matched 

controls (Gardai et al., 2013). Moreover, PD patients have decreased number of peripheral 

blood B and T lymphocytes, with a more prominent reduction in the number of CD4+ T 

cells than CD8+ T cells (Baba et al., 2005; Stevens et al. 2012). This is associated with a 

Th1 deviation and elevated ratio of IFN-γ to IL-4 producing T cells (Baba et al., 2005). 

Macrophages and microglia isolated from transgenic mice over-expressing human α-

synuclein under its own promoter are defective in secretion of pro-inflammatory cytokines 

and phagocytosis (Gardai et al., 2013) In contrast to these findings, α-synuclein KO 
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microglia release higher levels of pro-inflammatory cytokines upon stimulation (Austin et 

al., 2011). Together, these findings are suggestive of a role for α-synuclein in regulation of 

the innate and adaptive immune responses.

We have recently shown that α-synuclein deficiency impairs late stages of the development 

of B lymphocytes and abrogates their function. Alpha-synuclein KO mice had a marked 

reduction in the number of mature B cells that was associated with loss of normal 

architecture of secondary lymphoid organs. Moreover, while total serum IgM levels were 

similar between α-synuclein KO and wild-type (WT) mice, total serum IgG levels were 

markedly reduced in α-synuclein KO animals. Furthermore, in contrast to WT mice, α-

synuclein KO animals failed to produce IgG in response to immunization with a T cell-

dependent antigen (Xiao et al., 2014). This led to the possibility that (in addition to a B cell 

maturation defect) abnormal T cell development and/or function might be at least partly 

involved in the defective antibody response. Based on these findings, we sought to study the 

effect of α-synuclein deficiency on T lymphocyte development and function.

Materials and Methods

Mice

Alpha-synuclein−/− (KO) mice (B6;129X1-Sncatm1Ros1/J) and age and sex-matched (8-10 

weeks old) Alpha-synuclein+/+ B6;129X1/J wild type (WT) mice were purchased from 

Jackson laboratory (Bar Harbor, ME) as previously described (Xiao et al., 2014). Mice were 

housed at Case Western Reserve University in a pathogen-free facility at room temperature 

with a standard light/night cycle, and fed a standard diet with water intake ad libitum. All 

animal protocols were approved by the Case Western Reserve University Institutional 

Animal Care and Use Committee.

Flow cytometry

Thymi, spleens, lymph nodes and bone marrow (from femur and tibia) were harvested from 

α-synuclein KO and WT animals, processed and stained at 4°C for 30 minutes. Cells were 

washed extensively and fixed in 1% paraformaldehyde and kept in dark until analysis. 

Three-color flow-cytometry was performed using the following monoclonal antibodies: anti-

mouse/rat CD61-PE (2C9.G3), anti-mouse CD41-PE (MWReg30), anti-mouse TER-119-

FITC (TER-119), anti-mouse Ly-6G (Gr-1)-FITC (RB6-8C5), anti-mouse Ly-6A/E (Sca-1)-

PE (D7), anti-mouse CD11b-PE (M1/70), anti-mouse CD117-APC (2B8), anti-mouse 

CD3e-APC (145-2C11), anti-mouse CD4-FITC (GK1.5), anti-mouse CD8a-APC (53-6.7), 

anti-human/mouse CD44-PE-Cyanine5 (IM7), anti-mouse CD62L-PE (MEL-14), anti-

mouse CD49d-PE (R1-2), anti-mouse CD69-PE (H1.2F3) (eBiosciences, San Diego, CA) 

and anti-mouse CD5-PE (53-7.3) (BioLegend Inc., San Diego, CA). Regulatory T cells were 

analyzed from thymic and splenic cell suspensions after surface staining, followed by 

fixation/permeabilization and Foxp3 staining using anti-mouse Foxp3-PE (MF-14) 

according to manufacturer's protocol (BioLegend Inc., San Diego, CA).
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Cytokine assay

Splenocytes from α-synuclein KO or WT mice were incubated with anti-CD8 or anti-CD4 

mAb-coated magnetic beads (Miltenyi Biotec, Auburn, CA). Purified CD4+ and CD8+ T 

cells (8 × 104 ) were incubated with Dynabeads® Mouse T-Activator CD3/CD28 at 1:1 ratio 

in 96 well plates at 37°C and 5% CO2. Supernatants were collected after 48 hours and 

assayed for IL-2, IL-4 and IFN-γ using eBiosciences Mouse Ready-SET-Go! Reagent® sets 

(eBiosciences, San Diego, CA) according to manufacturer's protocol.

Histology and Immunohistochemistry

Tissue specimens were fixed in 10% formalin, embedded in paraffin and sectioned at 4 μm 

and stained with hematoxylin and eosin (H&E). Immunohistochemistry for CD3 and B220 

was performed by the Immunohistochemistry Laboratory of the University Hospitals Case 

Medical Center as previously described (Xiao et al., 2014). Briefly, unstained 4 μm-sections 

of paraffin blocks from lymphoid organs were baked for 30 min at 60°C in a Boekel Lab 

oven (Boekel Scientific, Feasterville, PA). Slides were then processed using a BenchMark 

XT (Ventana) automated immunostainer (Ventana Medical Systems, AZ), deparaffinised, 

antigen-retrieved with standard cell conditioning 1, a tris-based buffer PH 8.3 solution added 

for 30 min at 100°C, followed by incubation at 37°C with the primary antibody anti-human/

mouse/rat CD3 mAb (SP7) and anti-human/mouse B220 mAb (RA3-6B2) (Abcam, 

Cambridge, MA), and subsequently counterstained.

Statistical analysis

All statistical analysis was performed using Prism 6 (GraphPad software Inc., La Jolla, CA). 

Results are presented as mean ± standard deviation (SD) and analyzed using two-tailed 

student t test. Statistical significance was considered at p<0.05.

Results

Normal morphology and composition of hematopoietic elements in α-synuclein KO mice

In order to study the role of α-synuclein in development of different hematopoietic 

elements, we compared bone marrow, peripheral blood and lymphoid organs of age and sex-

matched α-synuclein KO mice and WT animals of the same genetic background (n=10). In 

our previous publication, we have reported a unique complete blood count profile in α-

synuclein KO mice. We showed that these mice have a relative decrease in red blood cell 

count, hemoglobin and hematocrit compared to α-synuclein WT animal. While white blood 

cell counts were not different, significant decrease in the percentage of lymphocytes and 

increase in the percentages of neutrophils and monocytes was noted in α-synuclein KO 

mice. Interestingly, while platelet counts were similar between α-synuclein KO and WT 

mice, mean platelet volume was lower in KO animals.(Xiao et al., 2014)

To study the effect of α-synuclein deficiency on hematopoiesis, we studied the morphology 

and composition of different hematopoietic element in the bone marrow. Sections of bone 

marrow showed no apparent differences in the morphology of erythroid, myeloid and 

megakaryocytic lineages (Figure 1). Flow cytometric analysis of bone marrow demonstrated 

similar percentages and numbers of hematopoietic stem cells, myeloid, erythroid and 
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megarkaryocytic lineage precursors between α-synuclein KO and WT mice (Table 1). As 

previously described, a marked decrease in the absolute number of B220hi population was 

noted in the bone marrow of α-synuclein KO mice (Table 1 and (Xiao et al., 2014)). 

Interestingly, a significant 40% reduction in the number of mature circulating CD3+ T cells 

was also noted in the bone marrow of α-synuclein KO mice (p=0.0323) (Table 1).

Defective T cell maturation in α-synuclein KO mice

In order to study the development of T lymphocytes, thymi and peripheral lymphoid organs 

from α-synuclein KO and WT mice were harvested and analyzed by flow cytometry 

(Figures 2 and 3). Absolute numbers of thymocytes were significantly reduced in α-

synuclein KO mice compared to WT animals (78.2 ± 21.9 in KO vs. 112.4 ± 19.1 in WT 

mice, p=0.046). While CD4 single positive (SP) and CD8 SP T cells in α-synuclein KO 

mice were reduced to 50% of their numbers in WT animals (p= 0.00002 for differences in 

CD4 SP cells and p= 0.0053 for differences in CD8 SP cells), number of double negative 

(DN) thymocytes in α-synuclein KO mice were 1.5 fold higher than their number in WT 

mice (p= 0.02), suggestive of defective T cell development in α-synuclein KO mice (Figure 

2). Strikingly, absolute numbers of mature splenic CD4+ and CD8+ were reduced by 5-fold 

and 3.5-fold, respectively, in α-synuclein KO mice compared to WT animals (p= 0.0013 for 

CD4+ and p=0.0004 for CD8+ cells) (Figure 3). Consistent with these findings, the 

percentage of lymph node CD8+ T cells was significantly reduced in α-synuclein KO mice 

(43.4 ± 6.7 in WT vs. 34.3 ± 2.9 in KO mice, p=0.023). No difference was noted in the 

percentage of lymph node CD4+ T cells (data not shown). Taken together, these data show 

that α-synuclein is required for development of T lymphocytes.

Next, we studied the histology of thymus, spleen and lymph nodes of α-synuclein KO mice 

in comparison with WT animals. Thymi were smaller in α-synuclein KO mice and 

harboured fewer cells than their WT counterparts. Moreover, there was a relative increase in 

the size of the cortex with a corresponding decrease in the size of the medulla in α-synuclein 

KO mice, consistent with a relative increase in immature (DN and DP) thymocytes and 

decrease in more mature (SP) thymocytes in α-synuclein KO mice (Figure 4A). Splenic 

white pulp areas from α-synuclein KO mice had a disorganized architecture, and contained 

smaller T cell zones as compared to the splenic white pulp areas from WT animals (Figure 

4B). This was in addition to decreases in the size of splenic follicles in α-synuclein KO 

mice.(Xiao et al., 2014) Moreover, while lymph nodes from WT mice had organized 

follicles separated by paracortical zone, lymph nodes from KO animals had markedly fewer 

follicles (Xiao et al., 2014) and slightly smaller paracortical T cell zones (Not shown).

Hyperactivation of T cells from α-synuclein KO mice

Next, we investigated the lineage differentiation and activation status of T lymphocytes. 

Mature splenic CD4+ and CD8+ T cells were analyzed for the expression of a panel of early 

and late activation markers and lymph node homing markers. Flow cytometric analysis of 

splenic T cells showed increased percentage of CD8+ T cell expressing early activation 

marker CD69 in α-synuclein KO mice (p=0.0053). No difference in the expression of CD69 

was noted between CD4+ T cells from α-synuclein KO and WT mice (Figure 5A). Splenic 

CD8+ T cell population from α-synuclein KO mice also contained higher percentage of cells 
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expressing early activation marker/lymph node homing marker CD49d (p=0.0055), and a 

similar trend was present in CD4+ T cell population, although the difference in CD4+ cells 

did not reach statistical significance (Figure 5B). No difference was noted in the expression 

of late activation marker CD44 and lymph node homing marker CD62L by CD4+ and CD8+ 

T cells from α-synuclein KO and WT mice (figure 5C and 5D). Taken together, our data 

indicate that the small population of T cells that mature in α-synuclein KO mice have an 

overactivated state.

Defective Th2 differentiation of T cells from α-synuclein KO mice

In order to study the T cell function, purified T cells were activated in vitro using anti-CD3/

anti-CD28 monoclonal antibody-coated beads and cytokine production was analyzed after 

48 hours.. IL-4 production from α-synuclein KO CD4+ T cells was significantly reduced 

compared to their WT counterparts (p=0.0487) (Figure 6A). IFN-γ production was not 

different between α-synuclein KO and WT CD8+ T cells (data not shown), while a trend for 

increased IFN-γ production was noted from α-synuclein KO CD4+ T cells, although it did 

not reach statistical significance (Figure 6B). Interestingly, CD4+ T cells from α-synuclein 

KO mice produced higher levels of IL-2 than their WT counterparts (p=0.0022) (Figure 6C). 

These findings are consistent with a defective Th2 differentiation and deviation towards a 

Th1 phenotype among CD4+ T cells from α-synuclein KO mice.

Abnormal number of regulatory T cells in α-synuclein KO mice

Finally, we asked how α-synuclein deficiency influences the development of Foxp3+ CD4+ 

regulatory T cells. Flow cytometric analysis of thymocytes revealed a significant reduction 

in the percentage of Foxp3+ CD4+ regulatory T cells in α-synuclein KO mice compared to 

WT animals (p=0.02) (Figure 7A). Interestingly, however, the percentage of splenic Foxp3+ 

CD4+ T cells was increased in α-synuclein KO mice (p=0.05) (Figure 7B).

Discussion

We recently established the importance of α-synuclein in regulation of one aspect of 

adaptive immune response: B cell lymphopoiesis and antibody production. We found that 

late stages of B lymphocyte development is defective in α-synuclein KO mice resulting in 

marked reduction of transitional and mature circulating B cells. While total serum IgM 

levels were comparable between naive α-synuclein KO and WT mice, total serum IgG 

levels were reduced 3-fold in α-synuclein KO mice, suggesting a defect in immunoglobulin 

class switch. Furthermore, while immunization with a T cell dependent antigen elicited a 

strong antibody response in WT mice, and similar IgM response between α-synuclein KO 

and WT mice, almost no IgG1 and IgG2b responses were noted in KO mice (Xiao et al., 

2014). These findings suggested a defective helper T cell phenotype in these mice. Our 

current findings show that the defect mediated by α-synuclein deficiency also extends into 

the T cell compartment, affecting not only the absolute numbers of peripheral T cells but 

also disrupting the normal morphology/architecture of lymphoid organs including T cell 

regions.
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T cell development begins by homing of circulating bone marrow-derived progenitors to 

thymus. These progenitors go through a series of developmental stages that include CD4 and 

CD8 DN, DP, and SP stages. DP thymocytes that express T cell receptors (TCR) unable to 

bind to self peptide-major histocompatibility complex (pMHC) die by neglect, whereas 

those with low to intermediate affinity for self pMHCs are positively selected. DP or SP 

thymocytes with high affinity for self pMHC undergo clonal deletion. T cell development 

requires interactions between thymocytes and different thymic stromal cells such as 

dendritic cells, macrophages and cortical and medullary thymic epithelial cells (Xing and 

Hogquist, 2012). Thymocytes from α-synuclein KO mice are reduced in total numbers, and 

contain higher numbers of DN cells and lower numbers of SP cells suggesting a defect in T 

cell development. Whether this phenomenon is a T cell-intrinsic event or caused by an 

extrinsic effect mediated by thymic stromal cells is not clear. It has been shown that 

chemokine receptor CCR7 deficiency leads to defective migration of thymocyte progenitors 

in the thymus and defective T cell development in a T cell intrinsic manner (Misslitz et al., 

2004). On the other hand, lymphotoxin β receptor (LT-βR) deficiency is known to abrogate 

medullary thymic epithelial cell (mTEC) differentiation leading to abnormal thymus 

architecture (Boehm et al., 2003). Further experiments utilizing bone marrow chimeric mice 

from α-synuclein KO and WT mice as well as conditional knock-out mice lacking α-

synuclein in single lineages are required to answer these questions.

The molecular mechanism(s) through which α-synuclein regulates thymocyte development 

is/are not known. An intriguing hypothesis is that α-synuclein somehow affects the affinity 

of TCR-pMHC interactions between developing thymocytes and thymic antigen presenting 

cells. It is known that higher affinity TCR interactions predispose thymocytes to negative 

selection (Moran and Hogquist, 2012). It needs to be mentioned that α-synuclein functions 

as a chaperone for the soluble N-ethylmalemide-sensitive factor attachment protein receptor 

(SNARE) complex and is needed for high frequency neurotransmitter release through rapid 

assembly and disassembly of the membrane fusion machinery (Bendor et al., 2013; Diao et 

al., 2013). To carry out this function, the hydrophilic C-terminus of α-synuclein interacts 

with SNARE synaptobrevin-2 and promotes SNARE assembly (Burre et al., 2013). On the 

other hand, overexpression of α-synuclein markedly inhibits neurotransmitter release 

(Nemani et al., 2010), and large oligomers of α-synuclein are shown to bind to 

synaptobrevin-2 and prevent SNARE-mediated vesicle lipid mixing (Choi et al., 2013). In T 

cells, SNARE complex activity is essential to TCR localization to the immunological 

synapse (Das et al., 2004; Pattu et al., 2012), and a similar membrane fusion machinery 

involving SNARE is required for granule exocytosis and release of lytic granules from 

cytotoxic T cells and NK cells (Chiang et al., 2013). It is conceivable that α-synuclein-

deficiency leads to enhanced localization of TCR to immunological synapses on developing 

thymocytes (Hailman et al., 2002) resulting in higher affinity interaction and enhanced 

negative selection. In fact, thymic CD4 SP cells from α-synuclein KO mice express 

significantly higher levels of CD5 (mean fluorescent intensity of 68987 ± 968 for WT and 

83737 ± 2030 for α-synuclein KO CD4+ T cells, p=0.0083), an inhibitor of TCR signal 

transduction which its expression on SP cells parallels the avidity of positively selecting 

TCR-pMHC interactions (Azzam et al., 2001; Wong et al., 2001). This notion may also 
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explain the expression of early activation markers on higher percentage of mature peripheral 

T cells in α-synuclein KO mice.

Upon cognate TCR-pMHC interactions with Antigen presenting cells (APCs), CD4+ T cells 

differentiate into different effector subsets such as T helper 1 (Th1), Th2, Th17, follicular 

helper T (Tfh) and regulatory T (Treg) cells. The differentiation outcome is largely 

dependent on the nature of cytokines in the microenvironment and the affinity of TCR-

pMHC interactions (Zhou et al., 2009; Zhu et al., 2010). In general, stronger TCR signalling 

favors Th1 differentiation and weaker TCR signalling favors Th2 differentiation (Constant 

and Bottomly, 1997). For example, while stimulation of naive TCR-transgenic CD4+ T cells 

with low concentrations of cognate peptide or low-affinity peptide activates GATA3 and 

leads to Th2 differentiation, high-affinity TCR interactions blocks GATA3 expression and 

prevents Th2 differentiation (Tao et al., 1997; Yamane et al., 2005). Defective Th2 

differentiation and markedly reduced IL-4 production in α-synuclein KO mice might result 

from alterations in the affinity of TCR interactions in the absence of α-synuclein. Moreover, 

abrogated IgG1 and IgG2b responses to T cell-dependent antigen in α-synuclein KO mice 

(Xiao et al., 2014) can be explained by defective Th2 differentiation, as class switching to 

these immunoglobulin isotypes is highly dependent on Th2 cytokines IL-4 and TGF-β, 

respectively (Stavnezer, 1996).

Differentiation of regulatory T cells (Treg) in α-synuclein KO mice follows a more complex 

pathway. While we observed a reduced percentage of thymic Tregs in α-synuclein KO mice 

compared to WT animals, the percentage of peripheral Tregs was increased. Development of 

Tregs in the thymus is dependent on multiple factors such as affinity of TCR interactions 

with pMHC presented by thymic epithelial cells or dendritic cells, interaction of CD28 on T 

cells with CD80 or CD86 on APCs, and high-affinity IL-2 receptor and other γc cytokine 

receptor signalling (Josefowicz and Rudensky, 2009). How the combination of these factors 

leads to reduced thymic Tregs in α-synuclein KO mice is not clear to us at the moment. 

Reversal of this ratio in splenic Tregs, however, can be at least partly due to increased 

production of IL-2, a key cytokine in maintenance of peripheral Tregs (Sakaguchi et al., 

2008), by mature CD4+ T cells from α-synuclein KO mice.

In summary, our current and previous findings demonstrate the essential role of α-synuclein 

in development of the adaptive immune responses, including late stages of B and T cell 

lymphopoiesis, T helper and regulatory T cell development and IgG production. The 

molecular mechanisms of this regulation and possible role of α-synuclein in human 

lymphocyte development and function should be subject of future studies.
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Abbreviations

KO knock-out

WT wild type

PD Parkinson's disease

APC antigen presenting cell

TCR T cell receptor

MHC major histocompatibility complex

DN double negative

DP double positive

SP single positive
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Figure 1. 
Alpha-synuclein deficiency does not affect the morphology hematopoietic elements. 

Representative sections of bone marrow from WT (A) and α-synuclein KO (B) mice were 

examined by H&E staining at 400X magnification (bone marrow sections from 10 mice of 

each strain were examined).
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Figure 2. 
Alpha-synuclein KO mice have defective thymic maturation. Representative flow cytometry 

panels of thymocytes stained with anti-CD4 and anti-CD8 antibodies (A). Absolute numbers 

(B) and percentages (C) of thymocytes from α-synuclein KO and WT mice at different 

stages of development (DN: double negative, DP: double positive, SP: single positive, n=5 

for each strain).
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Figure 3. 
Alpha-synuclein KO mice have significantly reduced number of mature splenic T 

lymphocytes. . Absolute numbers (A) and percentages (B) of splenic CD4+ and CD8+ T 

cells from α-synuclein KO and WT mice (n=5 for each strain).
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Figure 4. 
Alpha-synuclein KO mice have reduced number of T lymphocytes associated with 

disorganized thymus and spleen architecture. (A) Representative section of thymus, 

examined by H&E staining at 40X magnification showing increased size of cortex in 

relation to medulla in α-synuclein KO as compared to WT animals. (B) Representative 

sections of spleen from α-synuclein KO and WT animals examined by H&E staining and 

after immunohistochemical staining with anti-CD3 antibody at 40X magnification (Data are 

representative of 5 independent experiments).
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Figure 5. 
Peripheral T cells in α-synuclein KO mice have a hyperactivated state. (A) Naïve splenic T 

cells from α-synuclein KO and WT mice were analyzed by flow cytometry using antibodies 

against CD4, CD8 and one of early activation markers CD69 (A), CD49d (B), or late 

activation marker CD44 (C), or lymph node homing marker CD62L (D).
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Figure 6. 
Defective Th2 differentiation in α–synuclein KO mice. Purified naïve splenic CD4+ T cells 

from α-synuclein KO and WT mice were activated in vitro with anti-CD3/anti-CD28 mAb-

coated beads and IL-4 (A), IFN-γ (B) and IL-2 (C) production levels were analyzed after 48 

hours.
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Figure 7. 
Development of Foxp3+ CD4+ regulatory T cells (Tregs) in α-synuclein KO mice. Single 

cell suspensions were obtained from thymi and spleens of α-synuclein KO and WT mice 

and stained with antibodies against CD4, CD8 and Foxp3 (intracellular). Percentage of 

Foxp3+ population was analyzed in CD4+ CD8− population.
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Table 1

Bone marrow lineage analysis of WT and KO mice (n=10 for each strain, SD: Standard deviation)

Wild type Knock out

Mean (SD) Mean (SD) p value

Percentage

Myeloid lineage 31.1 (8.5) 36.3 (5.9) 0.1343

Erythroid lineage 24.4 (7.2) 24.8 (5.6) 0.8940

Megakaryocytic lineage 29.4 (8.5) 34.1 (5.5) 0.1581

Hematopoietic stem cells 0.269 (0.109) 0.221 (0.057) 0.2348

B cells (B220lo) 24.6 (5.2) 21.1 (4.6) 0.1334

B cells (B220hi) 4.2 (1.4) 2.0 (0.9) 0.00047

T cells 2.9 (1.1) 2.1 (0.9) 0.1460

Absolute count (×106/μL)

Myeloid lineage 12.9 (4.8) 13.5 (7.9) 0.8492

Erythroid lineage 9.9 (3.2) 8.6 (3.0) 0.3625

Megakaryocytic lineage 12.2 (4.7) 12.4 (6.5) 0.9579

Hematopoietic stem cells 0.107 (0.036) 0.082 (0.042) 0.1792

B cells (B220lo) 10.2 (3.3) 7.6 (3.5) 0.0981

B cells (B220hi) 1.9 (1.1) 0.83 (0.69) 0.0154

T cells 1.2 (0.4) 0.7 (0.4) 0.0323
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