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Abstract  

Neurological disorders, such as Parkinson’s disease (PD), are a significant problem globally,  the 

leading cause of disability and the second leading cause of death. Currently, treatment of PD involves 

alleviating symptoms, as targeting disease mechanisms is difficult due to the blood brain barrier. 

Nanoparticle (NP) assisted drug delivery has high biomedical promise and nanoparticles have been 

investigated for use in the central nervous system (CNS). However, the safety of NPs in the CNS is 

not well defined and involves understanding the neuroinflammatory response regulated by microglia, 

which may exist in altered states in neurological disorders. The research presented here characterised 

microglial number and activation state in PD, and assessed the toxicity and ability to induce 

neuroinflammatory responses of gold nanoparticles (GNPs) or carbon nanotubes (CNTs) when 

administered to a microglia-like cell line (BV-2). Microglial number was higher in the striatum and 

substantia nigra of the brain compared to pre-frontal and hippocampus, but no differences were 

observed between control or PD brain tissue in number of total or activated microglia. BV-2 cells 

showed no loss of viability or increased inflammatory response after treatment with GNPs but showed 

a decrease in viability when treated with high doses of CNTs. Combined with LPS to model an 

inflammatory environment, GNPs increased but CNTs decreased IL-6 responses, suggesting GNPs 

may pose deleterious toxicity and inflammatory responses but CNT’s may benefit a reduction in 

inflammation . These results present a foundation for understanding neurotoxic effects of CNTs and 

GNPs, and states of microglia in PD.   
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1.   Introduction  

Neurological diseases (NDs) are disorders of the nervous system that affect the brain, behaviour, and 

cognitive ability1. Data from the Global Burden of Disease study 2010 (GBD 2010) showed NDs 

account for 3% of disability adjusted life years (DALY) and have dramatically increased over time, 

with NDs now the leading cause of disability worldwide and accounting for 16.5% of overall deaths2, 

3. Neurodegenerative disorders, such as Parkinson’s disease (PD) and Alzheimer’s disease (AD)4, 

make up a large portion of NDs and are characterised by the degeneration and functional loss of 

neurons . PD, one of the most common neurodegenerative disorders, currently affects 6.2 million 

people1. PD is characterised by the progressive loss of dopaminergic (DA) neurons  in the substantia 

nigra (SN), causing a range of motor and cognitive deficits5, 6. Age is the biggest risk factor for 

developing PD, and due to population growth and aging, the burden of PD is likely to increase in the 

future, as will the demand for disease modifying treatments3.  

Currently, PD treatments are focused on the symptoms, rather than addressing the root cause. The 

‘gold standard’ treatment for PD is Levodopa, a dopamine replacement drug which does not undo the 

neuronal loss or halt PD 7 8 and thus alternative restorative or neuroprotective treatments are needed.  

In developing new treatments it is important to consider safety and ensure therapy will not worsen 

the neuroinflammatory processes that drive neuronal death in PD. Microglia regulate the CNS 

inflammatory response and9-11 multiple studies have identified increased microglial activation and 

inflammatory markers in areas associated with neuronal loss in PD such as the striatum and SN12-16. 

Activated microglia release pro-inflammatory cytokines such as Interleukin-6 (IL-6) sustaining the 

chronic inflammatory response and contribute to neuronal damage14. Understanding microglial 

responses and states in the PD brain is crucial in developing neuroprotective treatments.  

Additionally, the major obstacle for treating PD is the blood brain barrier (BBB). Restricted 

movement of substances across the BBB maintains a healthy CNS environment, but is problematic 

for drug delivery, as ~98% of small molecule drugs cannot cross the BBB and don’t access the 
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intended sites of action17, 18. One potentially strategy to overcome the BBB is using nanoparticles 

(NPs), with features that improve potential transport into the brain at efficacious doses19.  

NPs range from 1-100nm, and are classified according to their origin/nature-organic, inorganic, or 

carbon based (Figure 1)19-21. Organic NPs are ideal for drug delivery, as they are usually non-toxic, 

biodegradable and have a hollow core. Inorganic NPs include metal and metal oxide nanoparticles. 

Carbon based NPs, including carbon nanotubes and graphene, are made solely of carbon19, 20. 

Properties of NPs that make them ideal for use in biomedicine include size, charge, surface 

modifiability and chemical composition19, 22, 23. The modifiable surface of NPs enhances the ability 

to selectively target sites within the body, for instance by conjugation of antibodies to target specific 

regions of the brain24, while functionalisation of NPs by surface coating may increase their tolerability 

within the brain 25.   

One type of NPs that have been well investigated in the CNS  are polymer-based particles. Chitosan 

NPs (a biodegradable polymer) loaded with Selegiline, a medication used to treat PD, have been 

administered to rats, in a PD model of rotenone-induced neuronal damage26. Treatment improved 

performance on functional tasks and significantly increased dopamine levels, with no reported 

cytotoxic effects. Similar polymeric nanoparticles functionalised with Anti-Aβ1-42 reduced protein 

aggregations and corrected memory deficits in an in vivo model of AD, again with no reported 

cytotoxicity27.  

While polymeric nanoparticles show therapeutic promise in neurodegenerative environments this is 

still a developing area, particularly for long-term safety as would be required for PD therapy. Key 

Figure 1: Schematic representation of nanoparticles classified based on their nature11 . 
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alternatives with good safety profiles include carbon-based nanomaterials and inorganic particles, 

such as GNPs. GNPs have proven applications in drug delivery and can be delivered to the brain via 

inhalation and transport to the olfactory nerves28, 29. Administration of functionalised GNPs loaded 

with Anthocyanin, a natural antioxidant in an in vivo AD model resulted in enhanced neuroprotective 

and anti-inflammatory effects30. This suggests drug-loaded GNPs can treat neurodegenerative 

diseases, however the literature on the safety of GNPs  is mixed, with  debate on toxicity. 

Contrastingly,, BSA functionalised GNPs evoke an irreparable toxic response in the liver and 

kidneys31. Patra et al, demonstrated variability in the toxicity of GNPs with induction of cell death in 

A549 human carcinoma lung cell line, but not in BHK21 (baby hamster kidney) or HepG2 (human 

hepatocellular liver carcinoma) cell lines32.  

Similarly, carbon nanomaterials are another class of NP showing promise in treating 

neurodegenerative diseases with the most common type being carbon nanotubes (CNTs). Particularly 

of interest to PD, CNTs have potential for neuroregeneration, where in embryonic rats, functionalised 

CNTs improved neuronal viability and growth, and could control neurite outgrowth33, 34. Similar to 

GNPs,  CNTs cytotoxicity is reported to be dependent on cell type, with conflicting results reported34, 

35. CNT have little effect on cell viability and inflammatory responses on peripheral cell lines or in 

vivo peripheral tumours responses36, 37. Contrastingly, in CNS environments, CNTs reduce cell 

viability,  reportedly with biggest impact in cells with high phagocytic ability, such as microglia38. 

The increased response of phagocytic cells to CNTs has important implications for use in PD where 

microglia are highly reactive  and drive pathology39. Therefore the effects of CNTs on these microglia 

is an important consideration in PD treatment development.  

These studies highlight how little is understood about the  impact of GNPs and CNTs on the body, 

particularly in the CNS environment. Since microglia are key drivers of the altered inflammatory 

environment seen in PD, this cell type must be specifically investigated and their responses to GNP’s 

and CNTs assessed to define their potential as PD treatment.  
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We hypothesise that microglia are activated in PD and that NPs of different compositions can increase 

the inflammatory response and cellular viability of microglia. To address this we aimed to: 

a) Characterise the total number of microglia and their activation states in the brain from PD 

patients; achieved by IBA1 staining of microglia in human control and PD brain tissue, and 

quantitation by automated counting software. Outcomes will further define the states of 

microglia in PD.  

b) Define the capacity for GNPs and CNTs to affect  viability and pro-inflammatory capacity of 

microglia under standard culture or in an inflammatory environment induced by LPS 

treatment. Outcomes will determine if GNPs or CNT’s are safe candidates to take further as 

delivery vehicles for drugs to the PD brain. 
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2.  Materials and methods 

2.1 Tissue collection and staining 

Deidentified human tissue was provided by the South Australian Brain Bank and investigations were 

approved by the University of Adelaide low risk human research ethics committee (H-2016-174).  

Examples of case records are provided in appendices a (control) and b (PD). Regions of the brain to 

be analysed include the areas of neuronal death (striatum and SN), and areas associated with 

symptoms of PD (prefrontal cortex (PFC) and hippocampus). 11 PD and 6 control cases were 

provided. One control case was excluded due to evidence of a conflicting inflammatory disorder, 

giving a total n=16. Tissue was pre-cut and immunohistochemical analysis was performed using 

standard protocols. Briefly, slides were deparaffinized in xylene, rehydrated in ethanol and 

endogenous perioxidases were blocked using methanol with 0.5% hydrogen peroxide. Slides were 

washed twice with PBS before antigen retrieval (citrate), and sections were blocked in 3% normal 

horse serum (NHS) for 30min, following incubation overnight with IBA-1 (Wako, 019-19741, 

1:1000). Slides were then washed twice with PBS, incubated for 30min with secondary antibody 

(Vector Goat Anti-Rabbit IgG, 1:250 NHS) before washing twice with PBS and incubating for 1hr 

with streptavidin peroxidase conjugate (Vector SPC, 1:1000 NHS). A final wash in PBS was 

performed and 3,3-Diaminobenzidine tetrahydrochloride (Vector DAB; 1:50) was applied for 7 

minutes. Following, slides were counterstained with haematoxylin, dehydrated in ethanol and cleared 

with xylene before coverslipping.  

2.2 Image Analysis  

Hamamatsu NanoZoomer was used to image slides. Using QuPath40, slides were exported into tiles 

at 13.3xzoom for screen size 1920x1088. Tiles were excluded based on criteria that would likely 

impact automated count (e.g. blurry image, tissue artifacts, large vessels visible). Measure function 

on ImageJ41 was used to sort images based on stain density, in groups of <40 and >40 image density. 

ImageJ ‘colordeconvolution’ plugin42 was used and parameters were set with different thresholds for 
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each group, <40 = threshold of 0,70 and >40 = threshold of 0,80. Pixel size was kept constant at 47–

2000. Procedure for activation analysis was the same, except with the addition of circularity 

parameters set to 0.90–1.00, in order to differentiate amoeboid/activated cells from non-activated 

cells with extended processes. Result tables for groups were combined and cells per mm2 calculated 

for each case (total number of cells / total area). Correlational analysis was performed for regions of 

interest (striatum and PFC) in order to compare counts from ImageJ against HALO automated cell 

counting software (Indica labs, Albuquerque, New Mexico, USA) and graphed using GraphPad 

Prism8.   

2.3 Cell culturing  

Mouse microglia-like cells (BV-2) were cultured for no more than 29 passages. Culture media was 

Dulbecco’s Modified Eagle’s Medium (DMEM): high-glucose with 10% fetal bovine serum, 2nM L-

Glutamine, 50U/ml Penicillin-Streptomycin, 100µg/ml Normocin. Cells were grown in a humidified 

incubator at 37°C with 95% air and 5% CO2.  

 

2.4 Nanoparticle preparation  

Gold NPs (#753688, 100nm diameter, stabilised suspension in 0.1 PBS, reactant free) and Single 

walled carbon nanotubes (SWCNTs) (# 652490, 1.4nm ± 0.1nm, single walled carboxylic acid 

functionalised) were supplied by Sigma Aldrich. CNTs were prepared in Phosphate-buffered saline 

(PBS) at 1mg/ml and vortexed, before being subjected to ultrasonic treatment for 40 minutes prior to 

use in order to reduce aggregations. Both the GNPs and the CNTs were stored at 4°C. 

2.5 Treatment parameters  

As there is little data available on nanoparticle administration to BV-2 cells, concentrations were 

selected based on previous work in our laboratory for a wide assessment of viability and inflammatory 

response. GNPs were administered for 2hrs at 3, 30 and 300µg/mL, and 24hrs. 24hrs prior to 

treatments, cells were plated at 20,000 cells/well in 96 well plates and allowed to adhere. A positive 
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control for Interleukin-6 (IL-6) release, lipopolysaccharide (LPS), was included, along with co-

treatment of nanoparticles at the upper and lower concentrations with LPS, and a vehicle control of 

media alone. All samples and controls were performed in triplicate and experiments independently 

repeated at least twice.  

2.6 MTT assay for cell viability  

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Invitrogen, California, United 

States, #M6494) assays were performed using the “quick protocol” as in manufacturer’s instructions. 

2.4mg MTT powder was mixed with 10mL serum-free media before incubation for 2hrs. Media was 

replaced with 100µl dimethyl sulfoxide (DMSO) for 10 minutes before reading at 570nm.  

2.7 ELISAs for assessing inflammatory response 

ELISAs (enzyme-linked immunosorbent assay) were performed using supernatant from treated cells. 

50µl of supernatant was used immediately and the left over stored at -20°C. Samples and standards 

were performed in triplicate. ELISA kits (Mouse IL-6, #555240) and equivalent reagent kits (Reagent 

set B #550534) were obtained from BD Biosciences (California, United States). Assays were 

performed in 96-well half area plates according to provided protocols, but with a 1:100 dilution of 

antibodies and half the volume of reactants. Sample incubation time was extended to overnight at 

4°C. Standard curve was plotted and results graphed and analysed using GraphPad Prism8. 

2.8 Statistical analysis 

Two-way ANOVAs with Tukey’s post hoc analysis and Pearson’s correlational analyses were 

performed for cell count data. Two-way ANOVAs with Tukey’s post hoc analysis were performed 

for ELISA and MTT data. P-values of <0.05 were considered significant.  
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3.   Results  

To understand the effects of microglia in Parkinson’s disease, we took two approaches. The first to 

quantify the presence of inflammatory cells in human PD and the second to investigate neurotoxic 

responses to nanoparticles in vitro. 

 

Figure 2: Representative images of regions from brain tissue stained for IBA1. a) PFC b) 
Striatum c) SN  d) Hippocampus. Boxed regions on left image outlines the area taken for the 

image on the right at 40x magnification. Brown cells  indicate microglia, examples are circled 
in red 
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3.1 Total Microglial counts in control and PD  

Human tissue was stained for IBA1 and analysed by ImageJ. Representative images and examples 

of microglial cells are circled (figure 2). There was a significant main effect of region (figure 3) (F 

(3,36) = 43.82, p < 0.0001). Pairwise comparisons of region using the LSD method showed total 

number of microglia within the SN was significantly higher (136.38 (12.48)) than in the striatum 

(92.90 (10.89), p < 0.001), PFC (30.61 (6.45), p < 0.001) or hippocampus (42.12 (9.31), p < 0.001). 

Similarly, total number of the microglia in the striatum was higher than the PFC (p < 0.001) or 

hippocampus (p < 0.001). There was no significant difference between total number of microglia in 

the hippocampus and PFC (p = 0.215). Interestingly, there was no significant main effect of group 

(F (1, 12) = 0.252, p = 0.625). There was also no significant interaction between region and group 

(F ( 3, 36) = 1.435, p = 0.248). 

   

Figure 3: Total microglia per mm2 in control vs PD cohort. IBA1 positive cells were quantitated in ImageJ n=11 
PD, n=5 control. Data was analysed by two-way ANOVA. No significant differences were observed between 

control and PD within each region. */** = significantly different to other regions 

* 

** 
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Analysis was performed independently using HALO in order to validate ImageJ counts. Counts 

were compiled in excel (appendix c). Correlational analyses were performed in the PFC (r=0.96, 

p=<0.0001) (Figure 4a) and striatum (p=<0.0001, r=0.90) (Figure 4b), where significant 

correlations between ImageJ and HALO were observed.

A B 

Figure 4: Correlation between counts on ImageJ and HALO. Microglia number per mm2 were quantitated as described in 
figure 3 in ImageJ and by an independent assessor in HALO. Results were subjected to Pearson’s correlation analysis. a) PFC 

correlation, p<0.0001, r=0.96. b) Striatum correlation, p<0.0001, r=0.90. 
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3.2 Microglial activation analysis in control and PD 

There was a significant main effect of region as shown in figure 5 (F (3,36) = 22.68, p < 0.0001). 

The number of activated microglia in the SN (14.92 (1.27)), were significantly higher than in the 

striatum (11.17 (1.11), p < 0.05), PFC (4.82 (0.81), p < 0.001) or hippocampus (7.02 (1.37), p < 

0.001). Similarly, the number of activated microglia in the striatum were elevated compared to the 

PFC ( p < 0.001) or hippocampus (p < 0.01), although these regions did not differ from one another 

( p = 0.103). Regarding group, activated microglia were not significantly different in PD (8.97 

Figure 6: Activated (red) vs Non-activated microglia (blue). ImageJ circularity parameters were used to 
determine microglia activation state.  

** 
* 

Figure 5: Activated microglia per mm2 in control vs PD cohort. Cells were quantitated in ImageJ n=11 PD, n=5 
control. Data was analysed by two-way ANOVA. No significant differences were observed between control 

and PD within each region. */** = significantly different to other regions 
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(0.98)) compared to healthy controls (10.00 (1.32); F (1, 12) = 0.396, p = 0.541). There was no 

significant interaction between region and group (F ( 3, 36) = 0.878, p = 0.445).  

 

Activation analysis was performed on HALO independently of ImageJ counting (appendix d). 

Correlational analysis between counts were performed in the PFC (p=0.0024, r=0.74) (Figure 6a) 

and striatum (p=0.0134, r=0.64) (Figure 6b) where significant correlations were observed. 

  

Figure 6: Correlation between activated microglia counts on ImageJ and HALO. Microglia number per mm2 were 
quantitated as described in figure 3 in ImageJ and by an independent assessor in HALO. Results were subjected to Pearson’s 

correlation analysis. a) PFC correlation, p=0.0024, r=0.74. b) Striatum correlation, p=0.0134, r=0.64. 

A B 
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3.3 BV-2 cell viability assessed using MTT assay  

Following treatment with NPs, MTT assays were performed assessing viability of BV-2 cells. 

Figure 7a shows the viability of BV-2 cells following incubation with GNPs alone. No significant 

differences were observed between the control and the treatments at any dose however the viability 

differed significantly between timepoints for 3µg/mL (2 vs 24hrs, p=0.03). Co-treatment with LPS 

alongside NPs, (figure 7b) did not significantly differ from control (F(1, 125)=1.06, p=0.38) 

however there was a decrease overtime at 300µg/mL (2 vs 48hrs, p=0.04) (F (1,125)=3.48, p=0.03).  

Viability of BV-2 cells after incubation with CNTs are shown in figure 7c. At 2hrs, viability was 

significantly lower than control for treatments of 30 (p=<0.0001) and 300µg/mL (p=<0.0001). 

CNTs at 300µg/mL (24hr-p=<0.0001, 48hr-p=0.003) remained significantly lower than control at 
* 

* 

Figure 7: BV2 viability after treatment with a) GNPs, b) GNPs+LPS, c) CNTs, d) CNTs+LPS. Cell viability was assessed using MTT assays 
and results analysed using a two-way ANOVA. No significant differences were observed between doses. * = significant difference from 

2-hour timepoint p=<0.05. 
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both  24- and 48hr timepoints. Comparisons between timepoints showed a significant increase in 

viability for CNT at 30µg/mL (24hrs, p=0.01). Co-treatment with CNTs+LPS (figure 7d) at 

300µg/mL (p=0.005) (F (6,125) =17.49, p=<0.0001) significantly lowered cell viability at all 

timepoints (24hr-p=0.001, 48hr-p=0.007).  

3.5 BV-2 IL-6 release assessed using ELISA  

Supernatants were analysed using ELISAs for release of IL-6 by BV-2 cells. Figure 8a/b shows IL-

6  release after administration of GNPs with significant effect for time (F (2,117) = 46.41, 

p<0.0001) and treatment (F (6,117) = 40.65, p<0.0001). There was no observed effect of GNPs 

alone (p=0.9977 at any timepoint) but LPS control differed significantly from the vehicle control 

after 24 (p=0.02) and 48hrs (p<0.0001). For cells co-treated with GNPs and LPS, IL-6 release was 

# 

Figure 8: IL-6 release from BV2 cells following treatment with a) GNPs, b) GNP+LPS, c) CNTs, d) CNTs+LPS.  ELISAs were 
used to quantify IL-6 release and results were analysed using 2 two-way ANOVAs. * = significant difference from vehicle 
control at relative timepoint, # = significant difference from the relative dose at 2hr  timepoint, ^ = significant difference 

from relative dose at 24hr  timepoint, “ = significant difference from LPS control at relative timepoint. 
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significantly higher for both 3µg/mL (24hr-p<0.0001, 48hr-p<0.0001) and 300µg/mL (24hr-

p<0.0001, 48hr-p<0.0001) compared to the 2hr timepoint.  

Figure 8c/d shows IL-6  release by BV-2 cells after CNTs with significant effect for time (F (2,117) 

= 24.92, p<0.0001) and treatment (F (6,117) = 26.35, p<0.0001). There was no effect of CNTs 

alone (p>0.99 at any timepoint) but LPS control differed significantly from the vehicle control at 

48hrs (p=0.0005). For cells co-treated with CNTs and LPS, IL-6 release was significantly higher for 

both 3µg/mL (48hr-p<0.0001) and 300µg/mL (24hr-p<0.0001, 48hr-p<0.0001) compared to the 

vehicle control. Over time IL-6 release was significantly higher for both 3µg/mL (48hr-p<0.0001) 

and 300µg/mL (24hr-p<0.0001, 48hr-p<0.0001) compared to the 2hr timepoint.   
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4.   Discussion 

Understanding the CNS immune response is key in developing treatments for NDs. The role of 

microglia in neuroinflammation highlights the need to investigate this cell type. This research aimed 

to quantify microglia and assess microglial activation within key brain regions in a PD cohort and 

investigate the response of microglia-like cells in vitro to administration of GNPs and CNTs as 

potential therapeutics for PD treatment.  

Analysis of human tissue stained for IBA1, a marker of microglia, revealed no differences in total 

number or number of activated microglia between control and PD cohorts. Numbers of total and 

activated microglia were increased in the SN> striatum with both regions significantly higher than 

the PFC and hippocampus. These findings highlight the striatum and SN as regions of the brain most 

relevant to microglial function and likely regions of the brain to focus on in future studies. 

While our study found no differences between control and PD microglia, other studies in post-mortem 

human tissue found increases in activated microglia in the SN and hippocampus, and in the putamen, 

a specific region of the striatum43, 44. These differences were shown via detection of elevated levels 

of major histocompatibility complex (MHC) class II expressing-cells, which is a marker present on 

mononuclear phagocytes such as microglia43. Additionally, microglia clustering around 

dopaminergic neurons in the SN in patients with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) induced Parkinsonism, up to 16 years after exposure to the toxin, is reported45.  

Methodological differences in these studies when compared to the current study may explain some 

of the difference in results. Imamura et al,43 employed a similar cohort number to ours (12 PD cases 

and 4 controls) however, the cohort was more homogenous, with age-matched cases and well defined 

criteria within groups. In terms of staining and counting methods, standard IHC methods were used 

but markers differed between studies, for instance IBA1 used here, and MHC-II, and CD11a/b 

staining used by others, which may be superior in differentiating activated from inactivated 

microglia12, 43. Other methods quantified microglial presence and function by analysis of 
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inflammatory cytokines, such as TNF-α 43, 45, 46. In most prior publications the exact methods used to 

count cells are unstated but are thus likely to be manual counting. In the present study, two automated 

methods were used and should be compared to manual counting.  

A notable limitation of the quantitation of microglia is the activation analysis on ImageJ, where only 

circularity is used as a parameter of activation. Similarly, in a prior study ‘amoeboid’ (round) 

microglia were enumerated and demonstrated to be increased in PD brain44.  However, this is 

simplistic and when analysing microglial activation states, whole cell morphology should be 

considered, including process thickness, length, and cell circularity47. HALO microglial activation 

analysis, which was used to verify counts on ImageJ, takes these factors into account; however, there 

are no previously verified ranges for these parameters and thus the method is still in the optimisation 

stage.  

The results seen in here may also reflect the stage of PD assessed, where post-mortem human tissue 

limits analysis  to late stage PD. Although the study of MPTP induced parkinsonism suggests that 

microglial presence at damaged sites persist beyond neuronal cell death45,  there may not be as 

significant numbers of  microglia present late in disease compared to the early stage neuronal death12. 

IBA1, the marker used to identify microglia in the present study, is a marker specific to macrophages 

as well as microglia, and is normally discriminate in brain tissue as peripheral macrophages are not 

present. However, in the case of late stage PD where there is breakdown of the BBB and infiltration 

of peripheral macrophages, IBA1 may not be as accurate at specifically detecting microglia, and 

potentially the levels of microglia seen in control tissue maybe the result of infiltration of peripheral 

macrophages prior to death in this cohort. As well as the issue of peripheral macrophages, IBA1 does 

not discriminate between active and inactive microglia. Using a marker of activated microglia such 

as CD6848, which is expressed at high levels by activated microglia, may be of better use in further 

investigations into activation states or such as in studies above, CD11b/a and CD5412, 43 may be 

employed as an alternative marker of microglia. Alternatively, analysis could be further refined to 

assess variation in distribution of microglia between different regions of the brain. 
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In the second aim of our study, the pathological environment in PD was mimicked in vitro by 

stimulating a mouse microglia-like cell line (BV-2) with inflammation-inducing LPS. In this setting, 

we assessed the neurotoxic effects of GNPs and CNTs, with the pretext that these nanoparticles can 

be potentially used as diagnostic probes or drug delivery vehicles for the brain-targeted treatment of 

PD. GNPs have the potential to be used in both PD treatment, for therapeutic delivery, and as a 

contrast agent in diagnostic brain imaging29, 49. Both applications require an understanding of the 

effects and safety of GNPs in brain specific environments. When administered alone, GNPs showed 

no effect on BV-2 viability or the induction of the pro-inflammatory cytokine IL-6. However, when 

administered in conjunction with LPS, GNPs decreased cellular viability at 300µg/mL (1.6-fold) and 

3µg/mL (1.3-fold) at 24 and 48hr respectively in comparison to LPS alone. IL-6 release was also 

reduced at both 3 and 300µg/mL at the 48hr compared to LPS control. These results indicate that 

GNPs alone are not toxic and do not induce inflammation in BV-2 cells. However, in a pre-existing 

inflammatory environment induced by LPS, GNPs decreased cell viability but reduced the 

inflammatory response in a dose and time-dependent manner. While decreased cell viability is an 

unwanted effect, decreased inflammatory response may be beneficial if GNPs are to be used in 

therapeutic interventions where inflammation is linked to pathology. It remains to be determined if 

the observed decrease in  IL-6 is due to reduced viability and cell number, which may impact the 

capacity of cells to make IL-6. As discussed above, GNPs when loaded with the antioxidant 

anthocyanin,  increased the drugs anti-inflammatory effects30. Whether these effects are a result of 

delivering more of the drug to the site or due to possible anti-inflammatory effects of the GNPs 

themselves remains to be understood. In another instance, GNPs functionalised with deoxyrubozyme 

(DNAzyme) were observed to have anti-inflammatory effects on TNF-α secretion in a rat model of 

myocardial infarction, further promoting inquiry into the anti-inflammatory effects of GNPs50. Thus 

further investigation is required to determine any beneficial effects GNPs have on IL-6 production 

by microglia. This may include testing at different doses and longer incubation times, as well as other 

GNPs with varying physicochemical properties (e.g. size, shape, surface charge) such as nanorods or 
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nanocubes51. The GNPs used in this study were chosen due to their widespread use in the scientific 

literature and commercial availability.  

CNTs are of interest for PD treatment as they may be tolerated when coated with biocompatible 

polymers 52. In our study when CNTs were administered alone, there was a significantly decrease in 

BV-2 viability compared to vehicle control at high doses (300µg/mL) at all three time-points tested.  

After 2hr,  viability decreased for the 30µg/mL dose, but this effect was not seen at later time-points, 

which could indicate an acute stress response from  cells upon the addition of CNTs, with cell 

recovering after longer incubation. No cytotoxicity was observed for 3µg/ml of CNTs, therefore high 

but not lower doses appear to be toxic. In contrast to the observed cytotoxicity of CNTs, there was 

no increase in IL-6 release compared to the vehicle control, indicating no induction of inflammation. 

Similar to when administered alone, CNTs at 300µg/mL in combination with LPS significantly 

decreased viability at all timepoints. IL-6 release for LPS+CNT co-treatments at 300µg/mL was 

significantly higher than the LPS alone at 24 and 48 hours. CNT at 3µg/ml did not affect the LPS-

induction of IL-6 or cell viability at any time point. This demonstrates that CNTs alone do not induce 

any significant inflammatory responses in BV-2 cells but do worsen their LPS-induced inflammatory 

response. Additionally, CNT at high doses had a significant impact on the viability of cells both in 

pro-inflammatory and non-inflammatory environments. This suggests that care must be taken in the 

administered dose that can be tolerated for future therapy. Using light microscopy, CNTs were 

observed to readily precipitate and accumulate on the surface of cells, which may contribute to 

cytotoxic effect. This cytotoxicity was previously observed by Davoren et al., 2007, wherein single 

walled CNTs (SWCNTs), as used in the present study, formed visible aggregates at 800µg/mL on 

A549 lung cancer cells in culture, 53. This aggregation was seen after 24hrs whereas in our study, 

aggregated CNTs were observed immediately after administration. This may be due to the different 

intensities of sonication methods used, here an ultrasonic bath was used and a stick sonicator used by 

Davoren et al53.  Alternatively, the CNT’s may have interfered with the MTT assay, as has been 

previously documented54. A substitute to this assay may be used such as WST-1, an alternative 



    

23 
 

tetrazolium salt54. Comparative studies on multi-walled CNTs (MWCNT) suggest they do not show 

as much toxicity as SWCNTs and therefore may be an alternative for testing in the future. Further, 

the mechanism by which CNTs induce toxicity should be investigated. Potential  pathways include 

recognition as danger signals by engaging innate immune receptors such as toll-like receptors 

(TLRs)55 that can be assessed via analysis of downstream signalling pathways or using TLR 

antagonists.  

Based on our findings, GNPs exhibited a broader safety profile and less potential toxicity via 

inflammatory routes than CNTs and would therefore be more suitable as therapeutic tools for PD. 

This data also informs understanding about the effects of NP shape on toxicity, as the tube shape of 

the CNTs may be compared to the spherical GNPs used here. While these factors were not extensively 

analysed in this study, there is evidence for the asbestos-like shape of CNTs contributing to increased 

toxicity34, 56, further supporting GNPs as preferable to CNTs in PD treatment.  

 It is of note, however, that there was large variability in the results presented here and future work 

should include more experimental replicates. Additionally, this data forms a foundation to assess NPs 

in terms of dose range and with cells pre-treated, rather than co-treated, with other inflammatory 

stimuli, such as PAMcsk or TNF-α. Further, assessment of the release of other inflammatory markers 

such as TNF-α or nitric oxide, both of which have been implicated in PD pathology may be of future 

interest 39. Additionally, as the CNS environment changes with age, a model of aged cells in culture 

is of interest for further investigation9.  

Overall, this study has shown that in post-mortem human PD tissue microglial numbers are not 

increased and suggests GNP’s should be studied further as potential therapeutic delivery vehicles for 

PD. This data lays a foundation for further study of microglia in the PD brain and the utility of NPs 

in treatment of neurological diseases.  
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Appendix A 

Clinical case details control patient 
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Appendix C 

Heat maps of total microglia counts in prefrontal and striatum ImageJ vs HALO 
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Appendix D 

Heat maps of activation analysis in prefrontal and striatum ImageJ vs HALO 

 

 

 




