A ‘brain-first’ mouse model of progressive alpha-synuclein pathology via intranasal rotenone administration
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Abstract
The precise aetiology of Parkinson’s disease (PD) is still poorly understood, but it is thought to arise due to an intricate relationship between genes and the environment. Our study takes a unique approach to understanding the effect of environmental factors on the onset and progression of α-synuclein (aSyn) pathology, a key feature of PD, from the olfactory bulb (OB) to other brain regions. In the present study, we evaluated the time-dependent progression of PD-like pathology by administering rotenone intranasally for 5.5 months in C57BL/6 male mice. We performed olfactory and motor tests and examined the aSyn accumulation, glial cell activation and dopaminergic (DAergic) neurodegeneration after 3, 4 and 5.5 months of rotenone exposure by immunoblotting and immunofluorescence techniques. 
We observed a time-dependent progression of aSyn accumulation from the OB to other brain regions, including the mid-brain and cortex. Consistently, we observed a time-dependent behavioural impairment, OB atrophy, progression of aSyn pathology, neuroinflammation and neurodegeneration. Our findings also established a link between distinct astrocyte activation and DAergic activity. In conclusion, this chronic and progressive mouse model mimics the brain-first type of progression of PD-like pathology in some PD patients, opening the possibility for testing potential disease-modifying interventions.

Introduction
[bookmark: _heading=h.dfkwniyb6thu]Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterised by substantial loss of dopaminergic (DAergic) neurons in the substantia nigra (SN) and depletion of dopamine in the striatum. The accumulation of alpha-synuclein (aSyn) containing inclusions known as Lewy bodies and Lewy neurites is a pathological hallmark of PD and other Lewy body diseases. It is characterised by classic motor symptoms such as bradykinesia (slowness of movement), rigidity, and resting tremor, which usually appear after a long preclinical phase of accumulating pathology and often mark the point at which clinical diagnosis is made. Non-motor symptoms are prevalent throughout the stages of PD and significantly impact patients' quality of life. These symptoms encompass a broad range of clinical features, leading to considerable morbidity. In humans, aSyn pathology manifests several years before the onset of the classical motor symptoms of PD, and it is frequently preceded by non-motor deficits such as olfactory dysfunction, constipation, and sleep disturbances1,2. Neuronal loss and synucleinopathy have been identified not just in the SN but also in other parts of the brain, including but not limited to the olfactory bulb (OB), anterior olfactory nucleus (AON), amygdala (AMG), and piriform cortex (Pir cortex) 3. Olfactory dysfunction is an early and often overlooked aspect of PD, characterised by the accumulation of aSyn in the OB, a region crucial for the sense of smell, leading to hyposmia, which is prevalent in the majority of patients in earlier stages 4–6.
Through the examination of postmortem human brain tissue of individuals diagnosed with PD, Braak hypothesised the spreading of aSyn pathology from the OB and AON to other brain regions, via axonal projections 7. Studies using a variety of in vitro and in vivo models supported this hypothesis, suggesting aSyn pathology may spread in a prion-like manner 8–14. Importantly, there are two possible origins of aSyn pathology: the brain-first or the body-first hypothesis. In the body's first hypothesis, the prodromal phase is more extended, and the patient has positive autonomic dysfunction, such as RBD and constipation 15,16. Rotenone, a natural pesticide, has been used by our group to develop the body first hypothesis in mice, where the aSyn pathology develops in the gut and then it progresses to the midbrain through the dorsal motor nucleus of vagus 17–19. While the brain in first PD patients bypasses the gut and autonomic dysfunction, showing origin of aSyn pathology either in the AMG or the OB, with the olfactory dysfunction as a primary non-motor symptom, with a lower prodromal phase 2,20,21. Hence, the current study focused on developing a brain-first hypothesis mouse model using intranasal rotenone that would provide a valuable tool for testing innovative disease-modifying treatments, which may halt the pathological process.
In several studies, authors have targeted OB in PD and have tried to expose the nasal mucosa to neurotoxicants, which might be responsible for inducing PD pathology in the brain via the olfactory mucosa. These studies include intranasal administration of DAergic toxins or pesticides (MPTP, 6-OHDA, rotenone and paraquat) in rodents, leading to PD-like pathology 22–26. Targeting the OB as the initiation site of aSyn pathology was also reported, revealing the rapid uptake of human recombinant aSyn by the OB and its axonal transit to many interconnected brain areas after retrobulbar injection in mice 27–29. Although informative as experimental tools, these models are very acute, as this situation never happens in humans. Therefore, it is important to continue developing models that may more faithfully recapitulate sporadic forms of PD, or forms that depend on environmental factors, such as exposure to pesticides. 
Rotenone is commonly used to induce PD-like phenotypes in animal models, and it triggers the buildup of aSyn pathology in the intestine 30,31 or nasal cavity 22,32. Therefore, following the Braak hypothesis, interneurons extending from the OB to the nasal mucosa exposed to rotenone should lead to aSyn accumulation in the OB, with subsequent spreading to other parts of the brain. 
Here, we intranasally delivered a locally-acting, low-dose rotenone microemulsion (ME) in adult mice that does not exert measurable concentrations in the blood, OB, or other brain regions 33. We administered rotenone ME chronically and evaluated behavioural parameters and the progression of aSyn pathology in numerous brain regions (OB, AON, Pir cortex, AMG, striatum, SN, and cortex) at several time points. Moreover, we investigated additional pathological markers, including neuroinflammation, DAergic activity, and neurodegeneration in the OB, striatum, SN, and cortex. Lastly, we examined a probable mechanism underlying the distinct time-dependent astroglial pathology in different brain regions and its relation to DAergic activity.

Results 
Rotenone induces time-dependent behavioural impairment 
To develop a model of the brain-first subtype of PD, we administered rotenone intranasally and assessed the animals at different time points. We found that there was a significant (p<0.05) increase in butyric acid avoidance ratio in control mice. In contrast, rotenone-administered mice did not show any considerable avoidance at any time point (Fig. 1B). This showed that rotenone administration led to olfactory dysfunction in mice after 3 months of administration.
There was no significant difference in force applied by mice paws in grip strength test after 3 and 4 months of rotenone administration, while 5.5 months of pesticide administration induced motor impairment as shown by the significant (p<0.05) decrease in force applied (Fig. 1D). However, there was no difference in latency to fall in the Rotarod test between control and rotenone-treated animals at any time point (Fig. 1C).
This confirmed that intranasal rotenone administration induced a slowly progressive motor dysfunction in mice after 5.5 months.

Rotenone exposure induced atrophy of olfactory bulb and alpha-synuclein accumulation
Next, the size of OB was evaluated from isolated brain  of vehicle and rotenone-treated animals. When measured by Vernier callipers, we found significant atrophy in OB of mice treated with rotenone for 4 and 5.5 months compared to controls. Rotenone exposure for 3 months did not induce any atrophy of OB (Fig. 2A). 
To further confirm the OB atrophy, we performed Nissl staining. We did not observe any atrophy in the coronal sections of OB after 3 months (Fig. 2B, 2C, 2D), while the area of the external plexiform layer was found to be significantly decreased in the rotenone group at 4 months (p<0.01) and 5.5 months’ (p<0.01) time points, along with the area of the glomerular layer, which was also significantly decreased after 4 (p<0.001) and 5.5 months (p<0.05) of rotenone exposure (Fig. 2C, 2D).
Western blot analysis showed a significant (p<0.05) increase in aSyn and pSyn expression in OB of rotenone-treated mice after 3 months of administration (p<0.05). There was no significant difference in aSyn expression in OB between control and rotenone-treated animals at 4 months and 5.5 months (Fig. 2E).
Rotenone induced alpha synuclein accumulation in anatomically connected regions of the olfactory bulb
IHC studies showed a significant increase in aSyn expression in AON after 3 months (p<0.05), 4 months (p<0.001) and 5.5 months (p<0.05) of rotenone administration (Fig. 3A) as compared to control. Similarly, immunofluorescence studies showed significantly increased pSyn expression in AON after 3 months (p<0.05), 4 months (p<0.01) and 5.5 months (p<0.05) of rotenone administration compared to control (Fig. 4A).  
In Pir cortex, IHC studies showed a significant increase in aSyn expression after 3 months (p<0.05) and 5.5 months (p<0.05) of rotenone administration compared to control.(Fig. 3B). psyn expression was also found to be significantly increased in Pir cortex after 3 months (p<0.01), 4 months (p<0.05) and 5.5 months (p<0.01) of rotenone administration (Fig. 4B).
Similarly for AMG, IHC studies showed, significant increase in aSyn expression after 3 months (p<0.001), 4 months (p<0.05) and 5.5 (p<0.05) months of rotenone administration as compared to control (Fig. 3C). With the help of immunofluorescence, psyn expression was found to be significantly increased in AMG after 3 months (p<0.01), 4 months (p<0.05) and 5.5 (p<0.05) months of rotenone administration as compared to control (Fig. 4C). 
Rotenone induced alpha-synuclein accumulation in the nigrostriatal and cortical regions
Western blot analysis showed aSyn pathology progression to striatum (p<0.05) (Fig. 5a) and cortex (p<0.05) (Fig. 5 B) only after 5.5 months of rotenone exposure. 
With the help of immunofluorescence, we observed no difference in aSyn expression in SN of control and rotenone group animals after 3 and 4 months of administration, while aSyn intensity was found to be significantly (p<0.05) increased in SN of rotenone treated mice only after 5.5 months of administration (Fig. 6A). Analogous trend was observed in pSyn expression. Rotenone administration for 5.5 months caused a significant (p<0.05) increase in pSyn intensity as compared to control (Fig. 6B).
Intranasal rotenone administration induced astroglial activation in the olfactory bulb and nigrostriatal regions
Next, we assessed astroglial cell activation in the OB, Striatum and SN.
We observed a significant increase (p<0.05) in the GFAP expression marker for astroglial cell activation in OB after 3 months of rotenone administration, which subsided after 4 and 5.5 months of administration (Supplementary Figure 1).
In the striatum of rotenone-administered mice, there was significant astroglial activation at all three time points, 3 months (p<0.01), 4 months (p<0.05) and 5.5 months (p<0.05) (Fig. 8A and Supplementary Figure 2). 
We found significant astroglial activation in SN after 4 (p<0.05) and 5.5 months (p<0.05), but not after 3 months (Fig. 9A and Supplementary Figure 3).
Intranasal rotenone administration induced alterations in phosphorylated tyrosine hydroxylase levels in the olfactory bulb and striatum 
Phosphorylated tyrosine hydroxylase, especially at serine 40, is known to significantly enhance TH activity, and it can be an earlier marker of DAergic neuronal loss. Hence, we determined its levels in these regions by Western blot analysis 34.
We investigated the levels of phosphorylated tyrosine hydroxylase (pTH) in OB using western blot and found decreased (p<0.05) pTH levels at all time points (Fig. 7A).
In the striatum, importantly, we found an increase in pTH (p<0.05) levels at the 3-month time point using western blot. In contrast, it was found to be decreased (p<0.05) at the 5.5-month time point (Fig. 8A).
As we found a significant increase in GFAP expression in the striatum of rotenone-treated mice as compared to control mice after 3 months and 5.5 months, while we observed the opposite trend in expression of pTH (Fig. 8A) at these time points, we suspected the presence of different phenotypes of astroglia. Astrocytes may show different phenotypes based on the surrounding environment, A1 (pro-inflammatory) and A2 astrocytes (less inflammatory). A1 astrocytes are supposed to be less supportive to neurons, whereas A2 astrocytes are protective or more supportive in nature 35. This was associated with an increase in GDNF expression 36, and higher pTH levels. As the conversion of A2 astrocytes into A1 type occurs, it disrupts the normal function of astrocytes to release GDNF. We checked the expression of C3a (one of the marker of A1 astrocytes) and S100A10 (one of the marker of A2 astrocytes) in OB and striatum and the levels of pro-inflammatory and anti-inflammatory cytokines in the similar regions.
Intranasal rotenone administration induced a time-dependent, distinct reactive phenotype of astroglia in olfactory bulb, striatum and substantia nigra
In OB, at 3 months, there was a significant (p<0.01) increase in expression of C3, while no change was observed in GDNF and S100A10 expression. At 5.5 months, expression of C3 was significantly (p<0.05) increased, with no change in GDNF expression and a significant (p<0.05) decrease in S100A10 expression (Fig. 7B). 
There was a significant increase in expression of IL-1β and IL-6 in OB of rotenone-administered animals at 3 (p<0.01) as well as 5.5 months (p<0.05) time points, as compared to control. While expression of anti-inflammatory cytokine IL-10 was found to be significantly decreased (p<0.001) in OB of rotenone-administered animals at the 3-month time point (Fig. 7C), there was no change observed in expression of IL-10 after 5.5 months of rotenone administration as compared to control (Fig. 7C).
In striatum, a significant (p<0.05) increase in S100A10 expression marker for A1 like astrocytes was found in rotenone-exposed mice, consistent with a significant (p<0.05) increase in GDNF expression as compared to control at the 3-month’ time point. (Fig. 8B).
There was a significant increase in expression of IL-1β in the striatum of rotenone-administered animals as compared to control at 5.5 months, while no change was observed at 3 months (Fig. 8C).
While expression of anti-inflammatory cytokine IL-10 was found to be significantly increased (p<0.001) in the striatum of rotenone-administered animals at the 3-month time point, there was a significant decrease (p<0.05) in expression of IL-10 after 5.5 months of rotenone administration as compared to control (Fig. 8C).
In SN, expression of C3 marker for A1 like astrocytes was significantly (p<0.01) decreased in rotenone treated mice after 4 months of administration, while it was found to be increased (p<0.01) after 5.5 months as compared to control (Fig. 9C). Whereas expression of S100A10 marker for A2 like astrocytes was significantly (p<0.05) increased (Fig. 9D) which was correlative with increase (p<0.05) in GDNF expression in rotenone group mice after 4 months (Fig. 9B), while there was no change observed after 5.5 months of rotenone exposure in S100A10 (Fig. 9D) with a significant (p<0.05) decrease in GDNF as compared to control (Fig. 9B).
Intranasal rotenone induced dopaminergic neurodegeneration in olfactory bulb, striatum, cortex and substantia nigra
Rotenone induced DAergic neurodegeneration in OB just after 3 months of administration, as indicated by significant decrease in TH expression in rotenone treated animals as compared to control, which was persistent even after 4 and 5.5 months (Fig. 10A). This is in continuation with the behavioural results, where we found olfactory dysfunction at all the three time points (Fig. 1B). 
We observed a significant decrease in TH expression in the striatum in rotenone-treated mice as compared to control after 5.5 months, which was not altered at 3- and 4-month (Fig. 10B) time points. 
We couldn’t see any changes in TH expression in cortex at any time point (Fig. 10C).
There was no neurodegeneration observed in SN after 3 months and 4 months of rotenone administration, while 5.5 months of rotenone administration was able to induce significant (p ˂0.05) DAergic neurodegeneration in SN of rotenone-treated mice as compared to control (Fig. 10D).

Discussion
The lack of an animal model of PD which can mimic the human PD condition hinders the development of drugs that can stop the progression of PD. It has been hypothesised that PD patients who show hyposmia or constipation a few decades before the development of motor symptoms may develop the aSyn pathology starting from the OB or gut, which later may progress to the midbrain. To mimic this phenomenon, an animal model that can simulate the disease progression from OB or gut to midbrain is required. Therefore, our study aimed to develop a model centred on the OB as the initial site of aSyn accumulation and investigate the evolution of pathology in other brain regions at different time points. As a result, we observed the time-dependent development of behavioural impairment and progression of aSyn pathology. In addition, we were able to analyse how neuroinflammation and neurodegeneration continue to undergo numerous changes over time and identify the most plausible relationship or mechanism underlying these alterations. 
Our findings from this rotenone model mimic the clinical situation. Olfactory impairment was observed just three months after rotenone administration, whereas motor dysfunction developed later. Due to the prodromal nature of this symptom, the olfactory test score can be a good diagnostic tool for assessing non-motor symptoms in PD, but it has limitations 37. An olfactory deficit is common in PD, but it is not specific to the disease. The most commonly used screening tool for olfactory dysfunction is UPSIT, in which the patient is exposed to a specific fragrance, and it determines the individual's smell function, which is mostly a qualitative response 38. Moreover, it limits the ability to detect subtle differences in olfactory function 39. However, some researchers have observed a selective pattern of hyposmia in PD patients, suggesting the potential for developing better diagnostic tools 40. 
[bookmark: _heading=h.itdzv121e1cq]Braak in 2003 hypothesised the development of aSyn pathology from OB or enteric nervous system and its further progression to different brain regions via stereotypical progression based on post-mortem reports of PD patients 7. Rey et al. reported the progression from OB to 40 other brain regions after injecting different forms of aSyn in the OB 27,28,41. Similarly, we observed time-dependent progression of aSyn pathology from OB to the striatum, SN and Pir cortex via the olfactory pathway, though longitudinally. We confirmed the overexpression of aSyn in OB, AON, AMG and Pir cortex of rotenone-treated mice after 3 months of rotenone administration, while this pathology reached the striatum, SN and cortex after 5.5 months. Neuronal projections (axons of mitral and tufted cells) emerging from the OB terminate in the olfactory cortex. The Pir cortex and AON are also principal areas of the olfactory cortex (Haberly & Price 1978), along with the olfactory tubercle, anterior cortical amygdaloid nucleus, periamygdaloid cortex, and lateral entorhinal cortex 42. That might be the reason for the simultaneous observation of aSyn pathology from OB to these areas. Rotenone causes de novo synthesis of aSyn 43. This aSyn accumulation in the initial stages might be the reason for the appearance of olfactory dysfunction observed after 3 months.  Our results demonstrate a time-dependent and region-specific progression of aSyn pathology across anatomically connected brain regions. However, direct evidence for trans-synaptic propagation or neuronal transfer was not assessed in the present study.
Surprisingly, there was no significant difference in aSyn expression in OB among control and rotenone animals at 4 and 5.5 months. One reason might be atrophy of OB; we found a significant decrease in the length and width of OBs in rotenone-treated mice. In rotenone-treated mice, distinct superficial layers of the OB, notably the olfactory nerve layer, glomerular layer, and external plexiform layer, shrank or shed considerably, resulting in atrophic OB. The mechanism behind this effect may be the loss of olfactory sensory neuron axons and injury to the olfactory epithelium, as shown before 44. However, this is beyond the scope of our research. Similarly, it has been stated that prolonged nasal irritation due to repeated exposure to lipopolysaccharide (LPS) is the factor responsible for atrophy 44. This is congruent with our results, in which repeated exposure of the nasal mucosa to rotenone led to persistent inflammation in OB, as evidenced by elevated GFAP levels in OB at all time points. In PD patients, clinical studies have also reported a decline in OB volume, which is consistent with our findings 45. 
[bookmark: _heading=h.v0pdvcjcpy62]We found a variation in the expression of pTH in the striatum concerning GFAP expression at 3 and 5.5 months of rotenone administration. pTH levels were significantly higher at 3 months and significantly lower at 5.5 months in the striatum of the rotenone group, although GFAP expression was increased at both time points. An increase in GFAP expression represents reactive astrogliosis. Reactive astrogliosis can be a marker for the activation of A1 or A2 astrocytes (Liddelow & Barres 2017). A1 astrocytes generally get activated by neuroinflammation. They cause synaptic degeneration by activating genes in the complement cascade, which are known to damage synapses. Conversion of A2 to A1 leads to the release of neuroinflammatory factors and cytokines, including IL-1β, TNF-α, nitric oxide (NO), etc. Also loss of main functions of astrocytes, including synapse formation, phagocytosis of synapses, and support in neuronal survival and growth 46. A1 astrocytes release a toxin responsible for apoptosis of neurons and oligodendrocytes. A2 astrocytes generally get activated in ischemic conditions and are helpful as they upregulate many neurotrophic factors, that promote the survival and growth of neurons and thrombospondins, which aid in synapse repair 47. 
[bookmark: _heading=h.ku4yhrazn29a]One of the growth factors released by A2 astrocytes is GDNF (glial-derived neurotrophic factor). GDNF acts as a potent survival factor for DAergic neurons and plays an important role in their phenotypic differentiation and maintenance. It prevents neuronal death caused by neurotoxin and axotomy and is also being seen as therapy for the treatment of PD (Patel & Gill 2007). Exposure to GDNF in neuroblastoma cells and primary neurons has been reported to increase TH phosphorylation at Ser-31 and Ser-40 positions, which enhances the activity of this enzyme and thus increases dopamine synthesis 48. In the striatum, we observed activation of A2 like astrocytes as revealed by increased levels of S100A10 49 at 3 months’ time point, which was not observed at 5.5 months. This was associated with increased GDNF expression and higher pTH levels. We also found a decrease in proinflammatory cytokines, IL-6 and IL-1β, while anti-inflammatory cytokine (IL-10) levels were increased. Whereas at 5.5 months, A1 like astrocytes were higher after rotenone exposure (as revealed by increase in expression of A1 marker complement C3 49, leading to increased levels of IL-6 and IL-1β and decrease in levels of IL-10. There was no change in GDNF expression, which was accompanied by decreased pTH levels in the rotenone group. 
[bookmark: _heading=h.knorix896uu7][bookmark: _Hlk237419343]Existing literature suggests that activation of A1 astrocytes can contribute to neurodegeneration because of their abundance in neurodegenerative diseases 36,50. This resembles our outcomes in SN, where we could observe loss of DAergic neurons with activation of A1 like astrocytes at 5.5 months’ time point, which was not there after 4 months of administration. Transformation of astrocytes into A1 type is usually reported by release of IL-1α, tumor necrosis factor (TNF), and complement component 1q (C1q) by activated microglia 51. However, in our study, we did not observe any microglial activation (Supplementary Figure 4 and 5), it might be possible that the microglial activation might happened prior to the 5.5 months time point or there might be other mechanisms responsible in converting A2 like astrocytes to A1 49. Similarly, A2 reactive astrocytes generally get induced by ischemia as reported in many studies 52,53, and then they take part in CNS repair and recovery; however, studying the ischemic conditions in brain regions is beyond the scope of this publication. In our studies, the activation of A2 like astrocytes might have improved neurogenesis at the 3-month’ time point. Overall, our results suggest a possible association between astrocyte phenotypic changes and changes in DAergic markers across disease progression.  
We observed a decrease in TH expression in OB after 3 months of rotenone exposure, which was persistent even after 4 and 5.5 months. This aligns with our olfactory impairment results observed at all three time points. However, TH expression was found to be decreased in the striatum only after 5.5 months of administration. Similarly, we observed DAergic neuronal loss in SN after 5.5 months. This neuronal loss in SN might be due to aSyn accumulation or neuroinflammation and resulted in motor impairment observed in the grip strength test at this time point.
[bookmark: _heading=h.jqx03b6jh17m]The study has some limitations which cannot be fulfilled at this stage. We were not able to perform detailed molecular profiling of A1 and A2 phenotypes, and we detected only monomeric and phosphorylated form of aSyn. In the future, additional biochemical characterization of aSyn would be important to further assess possible differences in aSyn levels in OB at 4 and 5.5 month time points.
Overall, we can conclude that we have developed a brain first chronic progressive mouse model of PD, which may mimic the development of pathology similar to PD patients and thus is suitable for testing any potential therapeutics for PD treatment. Most importantly, we were able to observe the protective role of astrocytes in the striatum and SN during the prodromal stage of the disease and it should be extensively studied in other animal models of PD. This opens the new avenue of future treatment with PD, as endogenous activation of astrocytes to A2 like protective phenotype may protect the death of DAergic neurons. Future studies are warranted to study the autophagy, oxidative stress, neuroinflammation and other probable mechanisms involved in PD pathology progression. We suggest that similar studies can be repeated with older mice. 



Methods
Animals 
Three-month-old male C57BL/6 mice (a total of 60 mice) were procured from Zydus Research Centre, Ahmedabad, after being approved by the Institutional Animal Ethics Committee (Approval number: IAEC/2021/010) of NIPER-Ahmedabad. Animals were kept at proper temperature (18-23°C) and moisture conditions (40-60% humidity) under a 12 h light/dark cycle (with lights switched off during the dark cycle) and provided with food and water ad libitum. All the experiments were conducted per the guidelines of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), India.
The experimental unit for all in vivo experiments was a single mouse. Animals were obtained from the same breeding facility, were specific pathogen-free and clinically healthy at the start of the study, and had not undergone any previous experimental procedures. Animals were acclimatized to the institutional animal facility for one week prior to the initiation of the experiments.

Chemicals
[bookmark: _heading=h.9xq0qe8kqldh]Rotenone, acrylamide, sodium dodecyl sulfate (SDS), tween-20, formaldehyde, 3,3′-diaminobenzidine (DAB), glucose oxidase, and D-glucose were obtained from Sigma Aldrich. Ammonium persulfate (APS), tetramethyl-ethylenediamine (TEMED), sodium chloride, sodium lauryl sulfate (SLS), bis-acrylamide, sodium deoxycholate, Triton-X 100, phenylmethyl sulfonyl fluoride (PMSF), glycerol, and carboxymethylcellulose (CMC) were purchased from Hi-Media Laboratories Pvt. Ltd. β-mercaptoethanol was purchased from Alfa Aesar. Potassium chloride, hydrochloric acid, sodium hydroxide, and chloroform were procured from Fischer Scientific. Polyethene glycol-400 was purchased from Merck. Tris-HCl was purchased from Thermo Fischer. The protein ladder and PVDF membrane were procured from Bio-Rad. HRP conjugated Enhanced Chemiluminescent Substrate Reagent kit was obtained from Invitrogen. The BCA (bicinchoninic acid) reagent kit was bought from Thermo Scientific. Primary antibodies (GAPDH, aSyn, phosphorylated aSyn (psyn), S100A10, GDNF) and secondary HRP-conjugated and secondary fluorescent antibodies were purchased from Abcam. Primary antibodies: glial fibrillary acidic protein (GFAP, AB5804), tyrosine hydroxylase (TH, AB152) and phosphorylated TH (pTH, AB5935) were procured from Sigma-Aldrich. Complement C3 was obtained from Thermo Scientific. For immunohistochemical staining, the Vectastain ABC kit was procured from Vector Laboratories. 	

Study plan
Rotenone mucoadhesive ME (0.1 mg/kg) was prepared as described in our previous study 33. The oil, surfactant, and co-surfactant were selected based on solubility studies with rotenone, followed by optimization of surfactant–co-surfactant ratios (1:1, 2:1, 3:1) using pseudo-ternary phase diagrams. The formulation was further optimized for globule size and mucoadhesive polymer concentration to enhance nasal retention. The optimized formula for preparing rotenone microemulsion is 5% Lauryl glycol, 37% Smix and 58% water.
The same microemulsion without rotenone was used as the vehicle. The animals were divided into a vehicle-treated control group and a rotenone ME-treated group, n=10 for each of the three time points: 3, 4 and 5.5 months. 


Each mouse was placed on its back for the ME administration and given a 15 µL (divided equally into both nostrils i.e. 7.5 µL each nostril) volume containing a dose of 0.1 mg/kg rotenone intranasally via micropipette for 5 days/week 54. After completion of 3, 4 or 5.5 months, 6 animals were sacrificed by cervical dislocation and their brains were quickly removed on ice and OB, striatum and cortex were extracted and preserved in liquid nitrogen and then stored at -80°C until western blotting. While brains from other three mice werecollected in a 25 ml Falcon tube and kept at 4°C in a 4% PFA solution (phosphate buffer saline, PBS, pH 7.4) overnight and later it was transferred to 15% sucrose in PBS for further immunohistochemistry studies (Fig. 1A).
Behavioural assessments were completed for all animals. One animal was excluded from tissue-based analyses because of a technical error during tissue sample collection, resulting in insufficient tissue for downstream analyses. This exclusion was unrelated to treatment or study outcomes. Predefined exclusion criteria included unexpected death unrelated to treatment, severe illness requiring humane euthanasia, or technical failure resulting in unusable biological samples; however, none of these criteria were met during the study.

Behavioral tests
The following behavioural tests were conducted to check the olfactory deficit and motor and memory impairment at all time points before sacrificing the animals.
Butyric acid avoidance test (BAT) was conducted using a Y-maze as described by Sasajima et al., with minor modifications 25. Two filter papers saturated with 20µL of water in petri dish were kept in two arms of the Y-maze, and the animal was placed at the end of the third arm and permitted to explore the apparatus for 4 minutes. On the following day of the experiment, water was replaced with the same volume of butyric acid in one arm, and the animal’s time spent with the petri plates in both arms was recorded for 4 minutes. Then, the butyric acid avoidance ratio was calculated as (time spent in arm with water)/(time spent in arm with butyric acid + time spent in arm with water).
Grip strength test was conducted for assessing the muscle strength of mice using a grip strength meter. The mouse was placed on the grid and moved on it with all four paws while holding onto its tail. A grip strength meter was used to measure the maximal force (g) applied by mouse paws to hold the grid. This was done in triplicate for each mouse, with a 30-minute interval between trials 33. The average of three trials was used for statistical analysis.
Rotarod test
Motor coordination of mice was assessed using the rotarod apparatus (Harvard apparatus) 55. All animals were trained to walk on the rotating rod at a constant speed of 4 rpm for three days. After training, the final test was carried out in an acceleration mode (2 to 20 rpm for 300 seconds). Each animal was tested three times with 30-minute intervals, and the time the animal took to fall from the rod was recorded. The average of three trials was used for statistical analysis.
Behavioural assessments were performed using standardized procedures, and the investigator responsible for recording behavioural outcomes was blinded to the treatment groups whenever feasible.

Reverse transcriptase polymerase chain reaction (qrt-PCR) 
Total RNA was isolated from the cells using the TRIZOL method per the manufacturer’s instructions, and purity was quantified using a Nanodrop 2000c spectrophotometer (Thermo Scientific, Wilmington, DE). Extracted RNA was reverse transcribed using cDNA synthesis kit (Bio-Rad Laboratories, USA). The prepared cDNA was diluted using SYBR® Green Supermix (Bio-Rad, USA) and primers with Bio-Rad CFX 96™ Real-Time system (Bio-Rad, USA). The quantification of interleukin-1 beta (Il-1β), interleukin-6 (IL-6)  and interleukin-10  (IL-10) genes was carried out by the ΔΔCT method with 18s as endogenous control. The primer sequence for evaluated markers is mentioned in Table 1.

Western blotting (WB)
[bookmark: bookmark=id.mhehgoo4f9vf]Frozen OB, striatum and cortex samples were thawed, and tissue lysates were prepared using RIPA buffer, which consisted of Tris-HCl, NaCl, SDS, Sodium deoxycholate and 1% Triton X-100 mixed with PMSF (protease inhibitor). Lysate samples were centrifuged at 12,000 rpm for 7 minutes, and supernatants were collected and used for analysis. The Bicinchoninic acid (BCA) technique was used to determine protein concentration. Thirty µg of protein was separated on 15% and 12% SDS-PAGE gels and transferred to the PDVF membrane using the Bio-Rad Trans-Blot assembly. Membranes were then blocked using 3% BSA and incubated with primary antibodies of GAPDH (ab8245, 1:10000), aSyn (rabbit pAb, ab212184, 1:1000), phosphorylated aSyn (rabbit mAb, ab51253, 1:1000), tyrosine hydroxylase (rabbit pAb, AB152, 1:10,000), phosphorylated tyrosine hydroxylase ((pTH) (rabbit pAb, AB5935, 1:1000)) GFAP (rabbit pAb, AB5804, 1:1000), S100A10 (rabbit mAb, ab76472, 1:1000), Complement C3 (rabbit pAb, PA5-21349, 1:500) and GDNF (rabbit pAb, ab18956, 1:500), overnight at 4°C with gentle shaking. The next day, antigen-antibody complexed membranes were washed with TBST and further incubated with respective HRP-conjugated secondary antibodies (goat anti-rabbit pAb, ab6721, 1:10000; goat anti-mouse pAb, ab6789, 1:10000; rabbit anti-goat pAb, ab6741, 1:10000), followed by chemiluminescent detection. GAPDH was used as an internal control to normalise the protein levels. The expression level was quantified by densitometric analysis with the help of Image J software (NIH, USA) 56. Western blot densitometric analyses were performed using coded samples, and investigators remained blinded to treatment allocation during image quantification.

 

Immunohistochemistry staining (IHC)
Brains of mice were stored in 4% PFA overnight and then transferred to 15% sucrose (sucrose solution in 0.1 M phosphate buffer pH 7.4) at 4 °C for 24 hours before being submerged in 30% sucrose solution. After that, these brainswere processed for cryostat sectioning. Cryostat (Thermo Fisher Scientific) was used to collect 40 µm free-floating coronal sections of SN of control and rotenone mice at six different levels in 24-well culture plates and processed for IHC-DAB staining for TH. According to our previous study, Immunohistochemistry was performed using the Vectastain ABC kit, with minimal modifications 57. For 10 minutes, sections were incubated in a 1% hydrogen peroxide solution in 0.1 % Triton-X-100 and then blocked with 5% normal goat serum in 0.1% Triton-X-100 in PBS. After that, sections were incubated with anti-TH (rabbit pAb, AB152, 1:1000) antibody overnight at 4°C. The next day, PBS washing was done, followed by secondary biotinylated antibody (for 11/2 h) and avidin-biotin-peroxidase (Diluted ABC solution, Vector Laboratories) for one hour in the dark at room temperature with intermediate three PBS washings of 10 minutes each. The peroxidase reaction was developed with DAB substrate in the presence of glucose and ammonium chloride dissolved in 0.1 M phosphate buffer for 5 minutes, followed by glucose oxidase incubation for 8-15 minutes. Then, sections were taken on slides, dried and dehydrated in ethanol gradient solutions. DPX was used for mounting, and then images were taken using a Leica DMi1 inverted microscope. The same processing was done with sucrose-processed sections of OB, AON, Pir cortex, AMG and SN after cryosectioning at 40 µm thickness. The primary antibody was aSyn (rabbit pAb, ab212184, 1:1000).
For assessing DAergic neuronal count in SNc, we used a confocal microscope to perform stereological counting. Images were acquired using a confocal microscope (Leica TCS SP8 Microsystem). As defined by Ip et al. 58. Six randomly selected sections, separated by 240 µm (1/6 series) along the whole anterior-posterior extent of SNc, were subjected to counting. TH-immunoreactive DAergic neuronal perikarya were recognised by their rounded or ovoid shape. To perform TH stereological counting, we employed the following parameters: counting frame size (50 μm × 50 μm), and sampling grid size (130 µm × 130 µm). The following formula was used to compute the estimated number of TH+ positive cells per animal (N). 
                                                                                     (1)
Where ƩQ is the sum of all TH+ neurons counted in all optical dissectors of a single brain section; h is the height of the optical dissector, t is the mean tissue thickness of the section; asf is the area sampling fraction defined as the proportion of the area (A) of the optical dissector frame size within the square size of grid (A x,y step); ssf is the section sampling fraction defined as the proportion of sections of the whole serially cut brain. The final N values were only included if their coefficient of error (CE) was less than 10. The researchers did the analysis blinded to the experimental groups. 
Image analysis was done using the ImageJ software (National Institutes of Health (NIH), Bethesda, MD, USA) as described in the previous literature 59–61. The extent of immunostaining of aSyn in OB, AON, Pir cortex, and AMG was presented as a percentage of optical density in control mice. Image J was first calibrated using the Rodbard function within the software to normalise the grey-scale range (0–255) into OD values. Each image was transformed into an 8-bit (grey-scale) image. The OD values were then normalised by eliminating the OD values of the background and normalising them to control values.

Immunofluorescence staining and analysis 
Free-floating coronal sections (40µm) of SN at three different levels (-3.52mm, -3.16mm, -2.80 mm) of control and rotenone mice brains were processed for immunofluorescence staining. The sections were rinsed three times with 0.1 M PB before being blocked for 20 minutes with protein block (ab64226). Primary antibodies were diluted in Antibody diluent (ab64211) and incubated with the sections overnight at 4°C. The sections were then rinsed three times in PB containing 0.025% triton-x before being incubated for one hour at room temperature with secondary antibodies. Primary antibodies used are anti-TH (rabbit pAb, AB152, 1:500), anti aSyn (mouse mAb, AB1903, 1:500), anti-GFAP (rabbit pAb, AB7260, 1:500) and, S100A10 (rabbit mAb, ab76472, 1:100), Complement C3 (rabbit pAb, PA5-21349, 1:200) and GDNF (rabbit pAb, ab18956, 1:50). Secondary antibodies used are goat pAb secondary to mouse, Alexa-Fluor 488 (ab150113) (1:1000), and goat pAb secondary to rabbit, Alexa-Fluor 647 (ab150079) (1:1000) and donkey pAb secondary to goat, Alexa-Fluor 555 (ab150134).
The nuclei were stained with DAPI after another rinse with PB mixed with Triton X (Sigma-Aldrich, USA). Images were acquired using a confocal scanning laser microscope (Leica TCS SP8 Microsystem). Using ImageJ software (version 1.42, NIH, USA), mean fluorescence from aSyn, GFAP, C3, S100A10, and GDNF was evaluated for all three levels in SNc 62. For each region, background measurements were obtained and removed from the mean fluorescence levels, with the corrected values shown as a percentage of the control. 

Nissl staining and image analysis
We measured the size of OB using graph paper scale for n=3 for control as well as rotenone treated group, where average size was reduced to 2 mm in rotenone treated mice as compared to 3 mm in control mice at 4 and 5.5 months’ time point. To further validate our findings and to check the atrophy in the OB, we stained three 40 µm coronal sections (ie rostral, middle, and caudal sections) of the OB (n=3, each group) with Nissl stain. Free-floating sections were taken on slides and air-dried. Then, sections were rehydrated by dipping them into 90%, 80%, and 70% ethanol, then rinsing the slide in water. Subsequently, sections were incubated with 0.1% cresyl violet (warm it at 60οC for 10-15 min) for 15 min. 
After this, sections were dehydrated using alcohol gradients, followed by xylene treatment. Then, the sections were mounted using DPX, and images were captured using a Leica DMi1 inverted microscope 63. The area of different layers of OB was analysed using ImageJ software. First, the image was opened in the software, accompanied by setting the scale in µm and then the area of interest was drawn using the freehand selection tool, followed by measuring and analyzing 44. 

Statistical analysis
GraphPad Prism, version 5.01, GraphPad Inc. software was used for statistical analysis. All the data were expressed as mean ± SEM. All data passed the Shapiro-Wilk test of normality. A two-sided Student’s t-test was used to compare control and rotenone groups, except for the analysis of BAT, where a two-way ANOVA test was used, followed by post-hoc Tukey’s test. The boundary for statistical significance was set to p<0.05. 
This study is an exploratory experiment using multiple biological variables to demonstrate the same effects across different experimental techniques and analytes. We elected to present unadjusted p-values in order to maximize sensitivity for detecting potentially relevant biological changes across the evaluated endpoints. We acknowledge that this approach increases the risk of type I error (false-positive findings), and therefore the results should be interpreted with appropriate caution. A similar statistical strategy has been employed in our previous neuroimaging studies 64–66.
 
Ethics approval
No clinical study was conducted. Experimental design for pre-clinical study was approved by IAEC Committee of NIPER Ahmedabad (IAEC approval number: NIPERA/IAEC/2021/010).

All animal experiments were conducted in accordance with the CPCSEA guidelines and are reported in compliance with the ARRIVE 2.0 guidelines. Every effort was made to minimize animal suffering and to reduce the number of animals used while ensuring the scientific objectives of the study were achieved.

Table 1. Sequences of primers used in this study. 
	Gene
	Sequence

	IL-1β (Mouse)
	Forward
	5’-GGATGATGATGATAACCTGC-3’

	
	Reverse
	5’-CATGGAGAATATCACTTGTTGG-3’

	Il-6 (Mouse)
	Forward
	5’-AAGAAATGATGGATGCTACC-3’

	
	Reverse
	5’-GAGTTTCTGTATCTCTCTGAAG-3’

	Il-10 (Mouse)
	Forward
	5’-CAGGACTTTAAGGGTTACTTG-3’

	
	Reverse
	5’-ATTTTCACAGGGGAGAAATC-3’

	18s
	Forward
	5’-ATCGGGGATTGCAATTATTC-3’

	
	Reverse
	5’-CTCACTAAACCATCCAATCG-3’
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Figure legends
Figure 1. Experimental design used in the study. A) Diagrammatic illustration of the experimental procedure. (B) Rotenone induced OB after 3, 4 as well as 5.5 months of intranasal administration: Graphs represent the avoidance ratio of butyric acid measured by Y-maze apparatus in control (CON) and rotenone (ROT) animals after 3 months, 4 months and 5.5 months (m) of rotenone administration. Data was analyzed by two-way ANOVA followed by post-hoc” ’Tukey’s test and expressed as mean ± SEM (n=10 in both control and rotenone group), *p<0.05. (C) Rotenone induced motor dysfunction after 5.5 months of intranasal administration: Graphs represent the force applied by mouse paws in grip strength test in control and rotenone treated animals after 3 months, 4 months and 5.5 months of i.n. rotenone ME administration respectively. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=10 in both control and rotenone group), *p<0.05. (D) Rotenone didn’t induce any change in latency to fall after 3, 4 and 5.5 months of intranasal administration: Graphs represent the latency to fall from the rod in rotarod test in control and rotenone animals after 3 months, 4 months and 5.5 months of i.n. rotenone ME administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=10 in both control and rotenone group).

Figure 2. Intranasal rotenone induced atrophy of OB. A. Figure showing reduction in OB size after 4 and 5.5 months of rotenone administration. B. Nissl-stained coronal sections of OB at 3, 4 and 5.5 months after rotenone administration. C and D. Graphs represent the external plexiform layer (EPL) and glomerular layer (GL) areas at 3, 4 and 5.5 months after rotenone administration. Data was analysed by unpaired Student t-test and expressed as mean ± SEM (n=3), *p˂0.05, **p˂0.01 and ***p<0.001 vs control as observed after Nissl staining. E. Representative blots and quantification of α-syn and phosphorylated α-syn (psyn) in OB of control and rotenone animals after 3, 4 and 5.5 months of i.n. rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control

Figure 3. Rotenone induced aSyn accumulation in the AON, Pir cortex and AMG. Figure represents the images of DAB-stained sections and graphs representing the α-syn immunoreactive density in (A) AON, (B) Pir cortex and (C) AMG of control and rotenone treated mice after 3,4 and 5.5 months of rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 and ***p<0.001 vs control

Fig 4. Rotenone enhanced pSyn expression in the AON, Pir cortex and AMG. Representative images of immunofluorescence (IF) staining for co-localization of pSyn and DAPI in (A) AON, (B) Pir cortex and (C) AMG of mice at 40X magnification. Graphs represent the psyn intensity (% of control) in (A) AON, (B) Pir cortex and (C) AMG in both groups at 3, 4 and 5.5 months after rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 and **p<0.01 vs control

Fig 5. Rotenone induced aSyn accumulation in the striatum and cortex. Representative blots and quantification of α-syn and phosphorylated α-syn (psyn) in (A) striatum and (B) cortex of control and rotenone animals after 3, 4 and 5.5 months of intranasal rotenone ME administration: Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control
Fig 6. Rotenone induced aSyn aggregation in SN. Representative images of immunofluorescence (IF) staining for co-localization of α-syn and TH expression in SN of mice at 10X and 40X magnification (A). Graphs representing the α-syn intensity (% of control) in TH+ neurons in SN in both groups at 3, 4 and 5.5 months after rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control (B) Rotenone administration for 3 months and 4 months didn’t change psyn expression, but for 5.5 months increased psyn intensity in substantia nigra: Representative images of immunofluorescence (IF) staining for co-localization of psyn and DAPI in SN of mice at 10X and 40X magnification. Graphs represent the psyn intensity (% of control) in SN in both groups at 3, 4 and 5.5 months after rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control

[bookmark: _heading=h.x4cfs9465tc8]Fig 7. Rotenone induced differential reactive astrogliosis in the OB. (A) Representative blots and quantification of GFAP and pTH in the OB of control and rotenone animals after 3 and 5.5 months of intranasal rotenone ME administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control. (B) Representative blots and quantification of C3, GDNF and S100A10 in OB of control and rotenone animals after 3 and 5.5 months of intranasal rotenone ME administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05, **p˂0.01 vs control. (C) Rotenone enhanced the production of proinflammatory cytokines in OB after 3 as well as 5.5 months of administration. Rotenone decreased the anti-inflammatory cytokine production after 3 months, but induced no change in its expression after 5.5 months of administration. This figure represents the effect of rotenone on expression of IL-1β, IL-6 and IL-10 in OB after rotenone administration for 3 and 5.5 months. Data is expressed as mean±SEM (n=3). Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p<0.05, ***p<0.001 vs control

Fig 8. Rotenone induced differential reactive astrogliosis in the striatum. (A) Representative blots and quantification of GFAP and pTH in the striatum of control and rotenone animals after 3 and 5.5 months of intranasal rotenone ME administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05, **p˂0.01 vs control. (B) Representative blots and quantification of C3, GDNF and S100A10 in striatum of control and rotenone animals after 3 and 5.5 months of intranasal rotenone ME administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control. (C) Rotenone enhanced the production of proinflammatory cytokines in the striatum after 5.5 months of administration, but not after 3 months of administration. Rotenone decreased the anti-inflammatory cytokine production after 5.5 months, but increased its expression after 3 months of administration. This figure represents the effect of rotenone on the expression of IL-1β, IL-6 and IL-10 in the striatum after rotenone administration for 3 and 5.5 months. Data is expressed as mean±SEM (n=3). Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p<0.05, ***p<0.001 vs control

[bookmark: _heading=h.g3w6t6sgivx2]Fig 9. Rotenone induced differential reactive astrogliosis in the SN. (A) Rotenone increased GFAP expression in SN of mice after 4 and 5.5 months of intranasal administration, but didn’t change GFAP intensity after 3 months: Representative images of IF staining for co-localization of GFAP and TH expression in SN of mice at 10X and 40X magnification. Graph representing the GFAP intensity (% of control) in TH+ neurons in SN in both groups at 4 and 5.5 months after rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p ˂0.05 vs control. (B) Rotenone increased C3 expression in SN of mice after 4 as well as 5.5 months of intranasal administration: Representative images of immunofluorescence (IF) staining for co-localization of C3 and TH expression in SN of mice at 10X and 40X magnification. Graph representing the C3 intensity (% of control) in TH+ neurons in SN in both groups at 4 and 5.5 months after rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), **p ˂0.01 vs control. (C) Rotenone increased S100A10 expression in SN of mice after 4 months of intranasal administration, but didn’t change S100A10 intensity after 5.5 months: Representative images of immunofluorescence (IF) staining for co-localization of S100A10 and TH expression SN of mice at 10X and 40X magnification. Graph representing the S100A10 intensity (% of control) in TH+ neurons in SN in both groups at 4 and 5.5 months after rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p ˂0.05 vs control. (D) Intranasal administration of rotenone for 4 months increased the GDNF expression, but for 5.5 months, decreased the GDNF expression in SN of mice Representative images of immunofluorescence (IF) staining for co-localization of GDNF and TH expression in SN of mice at 10X and 40X magnification. Graph representing the GDNF intensity (% of control) in TH+ neurons in SN in both groups at 4 and 5.5 months after rotenone administration. Data was analyzed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p ˂0.05 vs control.

Fig 10. Rotenone induced dopaminergic neurodegeneration in OB, striatum and SN. Representative blots and quantification of TH in OB, striatum and cortex of control and rotenone animals after 3, 4 and 5.5 months of intranasal rotenone ME administration (A, B and C). Data was analysed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control. Figure represents the images of DAB-stained sections and graphs representing the number of DAergic neurons in the SN of control and rotenone-treated mice at 4x, 10x and 40x magnification after 3,4 and 5.5 months of rotenone administration (D). Data was analysed by unpaired t-test and expressed as mean ± SEM (n=3 in control group and n=3 in rotenone group), *p˂0.05 vs control
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