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LAY SUMMARY OF PROGRESS  

Developing neuroprotective and disease-modifying treatments for multiple system atrophy (MSA) is an urgent 
unmet need. As of late, interest has been given to insulin and insulin like growth factor-1 (IGF-1) in brain 
disorders as both mediate numerous positive actions through their brain receptors. Studies in animal models and 
postmortem tissue of patients suffering from Alzheimer’s disease (AD) and Parkinson’s disease (PD) have found 
impaired insulin/IGF-1 signaling and insulin resistance. Moreover, several approved anti-diabetic drugs have 
shown positive effects in animal models of AD and PD. These encouraging findings have motivated the conduction 
of several clinical pilot studies in patients with AD and PD.  
Interestingly, MSA patients show a significant increase in insulin/IGF-1 serum levels suggesting that insulin/IGF-1 
signaling may also be impaired in MSA. Our findings confirm the presence of insulin resistance in postmortem 
brain tissue of MSA patients compared to healthy controls. MSA mice likewise show brain insulin resistance, which 
is reversed by exendin-4, an approved anti-diabetic drug that acts on glucagon-like peptide-1 (GLP-1) 
receptors. Exendin-4 treatment further preserved dopamine neurons and limited the accumulation of alpha-
synuclein, a protein that cumulates in the brains of MSA patients. Taken together, our study provides a rationale 
for the development of GLP-1 agonists as a potential treatment for MSA. 

 
SCIENTIFIC SUMMARY OF PROGRESS  
1. Project aims or goals from the original submitted application and progress toward each goal 

SA 1: To treat PLP-SYN mice with exendin-4 for 12 weeks (months 1-6) 
24 age and gender-matched mice PLP-SYN transgenic MSA mice were used. At 6 weeks of age, PLP-SYN mice 
were treated with saline or exendin-4 for a period of 12 weeks via Alzet pumps. Pumps were changed twice as 
the pump is active for only 1 month. PLP-SYN mice were randomly allocated to an experimental group and 
implanted subcutaneously with micro-osmotic pumps (Alzet model 1004) that diffused saline or exendin-4 
(3.5pMol/kg/min; 8.75 pMol/kg/min). Doses were similar to previous studies performed by the co-PI and 
correspond to those used for treating patients with type 2 diabetes. Mean plasma exendin-4 levels were 2197.6 
± 317.7 pg/ml for PLP-SYN mice treated with 3.5pMol/Kg/min and 2796.3 ± 284.9 pg/ml for those receiving 
8.5pMol/Kg/min. 
 
SA 2: To assess the effects of exendin-4 on motor deficits in PLP-SYN mice at baseline and each month after the 
start of treatment (3-6).  
Motor behavior was assessed using a modified version of the traversing beam test. This test measures the ability 
of mice to traverse a narrow beam to reach a goal box. Mice were first trained to pass the beam for three trials 
and then underwent the test where a grid was added on top of the beam. All mice performed three consecutive 
trials on the beam test. A video-taped assessment of the disability of these mice was done. The number of 
sideslips was recorded on each trial. There was a trend for an improvement in motor performance in the 
traversing beam task in PLP-SYN mice receiving the higher dose exendin-4 treatment but the difference between 
groups did not reach significance (Figure 1). 
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Figure 1: Number of error per steps in PLP-SYN mice after treatment with exendin-4. 
 
SA 3:  To further characterize insulin resistance in MSA postmortem brain tissue (1-6). 
Human brain samples were processed for double immunofluorescence experiments to assess insulin resistance in 
different cell subpopulations of the putamen. Antibodies used to characterize Insulin resistance, also known as 
IRS-1pS312 and IRS-1pS616 were coupled to different cell subpopulation markers targeting MAP-2 (neuronal 
marker), GFAP (astrocyte marker), CNPase (oligodendrocyte marker) and Iba-1 (microglial marker). Cell counts 
revealed insulin resistance in neurons and oligodendrocytes of MSA patients compared to healthy controls (Figure 
2), while no differences were observed in astrocytes and microglia. IRS-1pS312 expression in neurons and 
oligodendrocytes was not different between both groups in the temporal cortex, a less vulnerable structure 
compared to the putamen. These findings suggest that insulin resistance may occur in MSA in regions where the 
neurodegenerative process is most severe and point to a possible relation between α-synuclein aggregates and 
insulin resistance.  
 

 
 
Figure 2: Oligodendrocytes are insulin resistant in MSA. Representative images of IRS-1pS312 and IRS-1pS616 staining in 
oligodendrocytes of controls (A, E) and MSA patients (B, F). The number of IRS-1pS312 and IRS-1pS616 positive was similar in both 
groups (C, G). IRS-1pS312 staining intensity is increased in oligodendrocytes of MSA patients compared to healthy controls (D). 
Quantification of IRS-1pS616 staining intensity showed no significant difference between groups (H). Scale bar = 20µm. Error bars 
indicate standard error. MSA compared to controls: *p<0.05. 
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We then assessed whether IRS-1pS312 expression is more apparent in α-synuclein containing oligodendrocytes 
in MSA patients. Indeed, the staining intensity of IRS-1pS312 was higher in glial cytoplasmic inclusions (GCI) 
containing oligodendrocytes (+61±15%, p<0.01) compared to those without α-synuclein aggregates. 
 
SA 4:  To assess the effects of exendin-4 on insulin resistance, survival of tyrosine-hydroxylase (TH) neurons and 
accumulation of α-synuclein in PLP-SYN mice (7-18). 
In light of our discovery of brain insulin resistance in MSA, we evaluated levels of IRS-1pS307 (corresponding to 
human IRS-1pS312) and IRS-1pS612 (corresponding to human IRS-1pS616) in the striatum of PLP-SYN mice. The 
expression of the insulin resistance marker IRS-1pS307 was significantly increased compared to WT littermates 
(+118%, p<0.01), a result in agreement with increased IRS-1pS312 intensity in remaining neurons and 
oligodendrocytes in MSA patients. IRS-1pS612 showed a trend toward elevated levels in the striatum of PLP-SYN 
mice compared to WT littermates (+33%, p=0.09). 
We then examined the effect of the GLP-1 agonist exendin-4 on levels of IRS-1pS307 and IRS-1pS612. Six 
week-old PLP-SYN mice were treated for 12 weeks with exendin-4. Mice were separated into 3 groups receiving 
either placebo or exendin-4: 3.5pMol/kg/min (lower dose) or 8.75pMol/kg/min (higher dose). An overall 
comparison between groups showed that exendin-4 treatment had a significant effect on the expression of insulin 
resistance markers in PLP-SYN mice (IRS-1pS307: F2,24=3.7, p<0.05; IRS-1pS612: H=14.7, df=2, p<0.001). 
Specifically, post-hoc analysis revealed a significant effect of the higher dose of exendin-4 treatment on IRS-
1pS307 and IRS-1pS612 levels in PLP-SYN mice compared to placebo (IRS-1pS307: -36%, p<0.05; IRS-1pS612: 
-42%, p<0.001). Lower dose exendin-4 treatment had no effect on IRS-1pS307 or IRS-1pS612 levels. 
PLP-SYN mice classically show a loss of TH positive neurons in the substantia nigra pars compacta (SNc), similar to 
MSA patients. We thus evaluated the therapeutic efficacy of exendin-4 on TH positive neuron survival within the 
SNc (Fig. 3). A one-way ANOVA revealed significant differences between groups in dopaminergic cell counts in 
the SNc (F2,24=3.9, p<0.05). A post-hoc analysis revealed a significant preservation of dopaminergic neurons in 
the SNc of PLP-SYN mice treated with the higher dose of exendin-4 compared to placebo PLP-SYN mice (+123%, 
p<0.05 respectively). No significant effect of the lower dose of exendin-4 on dopaminergic neuron survival in PLP-
SYN mice was observed. 

  

 
Figure 3: Exendin-4 treatment protects dopaminergic neurons in the substantia nigra pars compacta (SNc) in PLP-SYN mice. (B) 
Significant loss in TH positive neurons in the SNc of placebo PLP-SYN mice compared to PLP-SYN mice treated with 8.75pMol/Kg/min 
exendin-4. (C) Significant loss in Nissl-stained neurons in the SNc of placebo PLP-SYN mice compared to PLP-SYN mice treated with either 
3.5pMol/Kg/min or 8.75pMol/Kg/min exendin-4. (D-F) Representative SNc sections from placebo (D), 3.5pMol/Kg/min exendin-4 (E) 
and 8.75 pMol/Kg/min exendin-4 treated PLP-SYN mice (F). Scale bar = 600 µm. Values are mean ± SEM. *p<0.05 vs. 
8.75pMol/Kg/min exendin-4 PLP-SYN mice, $p<0.05 vs. 3.5 pMol/Kg/min exendin-4 treated PLP-SYN mice. 
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We confirmed these results by counting the number of Nissl stained neurons in the SNc. A Kruskal-Wallis test 
revealed an overall significant difference in cell count in the SNc between the different groups (H=9.4, df=2, 
p<0.01). Post-hoc analysis showed that lower and higher doses of exendin-4 preserved PLP-SYN mice from SNc 
neuronal loss (+63%, p<0.05 and +71%, p<0.05 respectively). 
The cytopathological hallmark of MSA is the accumulation α-synuclein aggregates in oligodendrocytes, forming 
GCIs. PLP-SYN mice overexpress α-synuclein under the control of the PLP promoter, leading to the formation of 
GCIs. We hence investigated whether exendin-4 treatment reduced α-synuclein load in the striatum of PLP-SYN 
mice by Western blot. A Kruskal-Wallis test revealed a significant difference in monomeric α-synuclein levels 
between groups (H=10.7, df=2, p=0.005). Post-hoc analysis showed that the higher dose of exendin-4 
significantly decreased the quantity of monomeric α-syn in the striatum of PLP-SYN mice compared to placebo (-
28%, p=0.01). Post-hoc analysis revealed no significant effect of the lower dose of exendin-4 on monomeric α-
synuclein levels in PLP-SYN mice. No significant differences between groups were observed for high molecular 
weight oligomeric species of α-syn.  
 
CONCLUSION 
In conclusion, we here show insulin resistance in the putamen of MSA patients as evidenced by increased IRS-
1pS312 expression, notably in neurons and oligodendrocytes. Abnormal insulin/IGF-1 signalling in 
oligodendrocytes may lead to impaired oligodendrocyte functioning, thereby contributing to secondary 
neurodegeneration in the putamen of MSA patients. PLP-SYN mice likewise show impaired insulin/IGF-1 signalling 
in the striatum. Alterations of insulin/IGF-1 signalling were reversed by clinically translatable doses of exendin-4 
treatment in PLP-SYN mice. Moreover, exendin-4 treatment preserved dopaminergic neurons of the SNc and 
decreased monomeric α-syn concentrations. This proof-of-concept preclinical study together with the data showing 
insulin resistance in the brain of MSA patients provides a rationale for the development of GLP-1 analogues as a 
potential neuroprotective treatment for MSA. 
 
FINANCIAL REPORT OF PROGRESS 
The support provided from the MSA Coalition for project (30,000$) were used to contribute to the funding of a 
post-doctoral fellow (funding of the MSA Coalition covered the salary for six months). Funding for animals 
(breeding, genotyping, housing of animals), osmotic Alzet pumps, dosing plasma levels of exendin-4 as well as 
post-mortem neuropathological assessments (tissue processing, reagents and kits for immunohistochemistry and 
western blotting) in mice (PLP-SYN and WT) and brain tissue (MSA patients and healthy controls) were funded in-
house. 
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