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Abstract

Olfactory dysfunction is one of the earliest clinical symptoms of Parkinson’s disease
(PD), preceding the onset of the motor deficits. PD occurs as a result of altered a-
synuclein (a-syn) expression leading to its aggregation. a-syn is a natively unfolded
protein found in various bodily tissues. In brain, it is predominantly found in the pre-
synaptic terminals where they are involved in vesicular transport. a-syn aggregates can
be found in Lewy bodies and Lewy neurites in neural tissues, which are a characteristic
pathophysiological hallmarks of PD. In this project, we created a PD mouse model by
injecting the abnormally aggregated forms of human wild type a-syn into the olfactory
bulb of wild type mice. A series of olfactory behavioral assays were carried out to check
for any sensory impairment. Their olfactory behavior was studied in detail by analyzing
the detection and discrimination abilities of mice using a go/no-go operant conditioning
paradigm. Mice injected with oligomeric and fibrillar forms of a-syn exhibited impaired
learning and longer reaction times for the first complex odor pair discrimination that we
performed. The learning improved when a subsequent odor discrimination task was
done. However, they still showed the reaction time phenotype. We also investigated if
our strategy led to the development of characteristic motor impairments or anxiety-like
behaviors in our mouse model. As these mice did not exhibit any motor deficits, they
offer as an ideal model to study the physiological basis of smell dysfunction observed in
PD patients.
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1. Introduction

Neurodegenerative diseases can be defined as diseases involving a progressive loss in
the structural integrity and functionality of neurons, which may lead to cell death.
Parkinson’s, Alzheimer’s, Huntington’s, etc are commonly observed in adult patients.
The nervous system is responsible for coordinating the crosstalk and functions of
different organs in the body. Neurons can be considered as the most basic building
blocks of the nervous system. In neurodegenerative diseases, the health and diverse
population of excitatory & inhibitory neurons are severely affected. Therefore, the
neuronal cytotoxicity caused due to neurodegenerative disease is very unlikely to be
reversed or cured, thus affecting the quality of life significantly (Lee and Trojanowski,
2006; Welsh, 2001). We can delay the progression of such neurodegenerative
diseases, but a permanent cure has not been found for any of these neurodegenerative
diseases. These neurodegenerative diseases are becoming increasingly prevalent in a
significant fraction of the elderly human population (Heemels, 2016, Neurological
disorders: Public health challenges (WHO report), 2007).

The olfactory system plays a pivotal role in the detection of chemical signals in the
environment of animals. The olfactory system is regarded as the primary sensory
modality involved in chemosensation (Lledo et al., 2005). Animals employ their olfactory
system to accomplish a wide array of tasks such as locating their food/prey, evading
from their predators, to find conspecifics and mates, etc. The olfactory system is
responsible for odor detection, discrimination and processing thus affecting the
decision-making behaviors of the organism.



1.1 Neurodegeneration and olfactory system

The pathophysiology of neurodegenerative diseases is vast, ranging from affecting an
individual’'s cognitive abilities to causing sensory and motor impairments amongst the
affected. One such specific impairment includes the olfactory perceptual deficits, which
is seen across a large number of individuals who are affected with neurodegenerative
diseases. Impairment in olfaction may indicate difficulties in odor identification, odor

detection, odor discrimination and odor memory (reviewed in Rey et al., 2018Db).

Olfactory deficits are observed earlier as compared to the major motor and cognitive
symptoms across these neurodegenerative diseases, thus also being called as a
prodromal symptom of these diseases (Adler, 2011; Huttenbrink et al., 2013). Given the
fact, that the olfactory epithelium is in contact with the external environment, it becomes
an access point for the entry of pathogens and toxins into the brain. This entry of toxic
foreign entities may lead to a chain of pathological changes across the brain thus
affecting various regions of the brain (Doty, 2008; Hobson, 2012). The native
endogenous proteins of the individual are affected by these external agents entering
through the olfactory tract leading to misfolding and aggregation, which are resistant to
breakdown by the innate defense mechanisms of the body. These abnormally
aggregated forms of proteins can further spread to the various regions of the brain as
described in the prion (“proteinaceous infectious particles”) hypothesis, according to
which, the abnormal, misfolded proteins can act as seeds for aggregation of the normal
protein thus initiating a self-propagating chain reaction for the progression of the
disease (Jucker and Walker, 2013; Kordower et al., 2011; Prusiner, 2001; Rey et al.,
2013).

Parkinson’s disease (PD) ranks second to Alzheimer's disease (AD) as the most
common neurodegenerative disease (Meissner et al., 2011) and is characterized by the
selective cytotoxicity of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) region of the brain. The presence of Lewy bodies and Lewy neurites in the
affected regions of the brain are a classical hallmark of PD (Braak et al., 2003;
Wakabayashi et al., 2007). Deficits in the olfactory abilities of patients affected with PD

were first reported as early as in 1975 by Ansari and Johnson. Impairment in olfactory
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abilities is seen as an early symptom of PD, manifesting themselves as early as four
years before the appearance of the motor symptoms associated with the disease
(Ponsen et al., 2004; Ross et al., 2008). Braak and coworkers have suggested that the
pathophysiology of PD generally initiates in the olfactory bulb and/or anterior olfactory
nucleus, the enteric nervous system and the dorsal motor nucleus of the vagus nerve
(DMX) (Braak et al., 2003).

1.2 a-synuclein and its role in Parkinson’s disease

a-synuclein (a-syn) is a protein encoded by the SNCA gene in humans involved in
vesicular release and trafficking across synapses, thus mainly present at the
presynaptic terminals of the neurons(Diao et al., 2013) . In its wild type form, a-syn is
comprised of 140 residues, divided amongst three different domains, the N-terminal
domain (amino acid 1-65), a non-amyloid-B component of plaque (NAC) domain (amino
acid 66-95) and a C-terminal domain (amino acid 69-140)(reviewed in Emamzadeh,
2016; Stefanis, 2012). It is present in an intrinsically disordered structure as indicated by
spectroscopic studies and found in abundance throughout the brain (Fink, 2006). This is
mainly due to the high net negative charge of the protein at a neutral pH and its low
intrinsic hydrophobicity (Uversky et al.,, 2000). The presence of cytoplasmic or
intercellular a-syn in its abnormally aggregated form is a characteristic of PD. These
aggregated forms of a-syn are a major component of the Lewy bodies and Lewy
neurites (Figure 1)(Lee and Trojanowski, 2006). The aggregation of a-syn is believed to
be a critical step in the onset of PD. The early onset of PD is characterized by either the
presence of six different missense mutations in the a-syn coding gene (SNCA gene) or
the over-expression of wild type a-syn protein which is caused due to gene triplication
(Dehay et al., 2015; Flagmeier et al., 2016; Singleton et al., 2004, 2003).
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The fibrillation of a-syn is a nucleation-dependent
process (Wood et al., 1999), which means aggregated
a-syn molecules can act as seeds to initiate nucleation
of the monomeric wild-type endogenous a-syn, thus
spreading the pathology across different regions of the
brain (Rey et al., 2018b). There are competing kinetic
pathways for the aggregation of a-syn. A natively
unfolded monomeric protein gets converted to a
partially folded intermediate which can get converted
to different aggregated forms like amorphous
aggregates or oligomers or fibrils depending on the
concentration of the

conditions (Fink, 2006).

protein and aggregation

In vitro and in vivo studies have been conducted to
show the transfer of a-syn from one cell to another,
thus proving the seeding hypothesis of propagation of
aggregated a-syn from the affected cell to neighboring
cells (Angot et al., 2012; Danzer et al., 2009; Luk et
al., 2009). The a-syn pathology is seen in the mitral
cells, tufted cells (principal projection neurons), the
periglomerular cells and the granule cells (inter-
neurons) of the olfactory bulb (Sengoku et al., 2008).
As the mitral cells and tufted cells are projection
neurons, the downstream olfactory cortical areas also
receive significant amount of Lewy bodies and Lewy
neurites as the disease progresses(Rey et al., 2016).
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1.3 The sense of smell in Parkinson’s disease rodent models

The olfactory system is one of the prime sensory systems which are used by rodents to
interact with their environment. They use it for foraging, detection of mates and
predators, and other social behaviors. The olfactory system in rodents is subdivided into
three major parts: the periphery, the olfactory bulb (OB), and the olfactory cortex (Figure
2) (Lledo et al., 2005). In the nose, the odorant receptors (OR) present on olfactory
sensory neurons (OSN) in the olfactory epithelium detect the odor molecules. These
ORs belong to a family of G-Protein Coupled Receptors (GPCRs) which activate
downstream signal transduction finally resulting in an action potential. (Buck and Axel,
1991; Mombaerts, 2001). The olfactory system employs a combinatorial approach of
ORs to recognize different odors. This means that instead of just an individual OR
recognizing a particular odor, the olfactory system detects odors by different
combinations of the ORs (Malnic et al., 1999). The MOB is made up of five different cell

layers:

Glomerular layer (GL)

e External plexiform layer (EPL)

e Mitral cell layer (MCL)

e Internal plexiform layer (IPL)

e Granule cell layer (GCL) (Shepherd, 2004)
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The GL receives sensory inputs from the olfactory sensory neurons. As the name
suggests, this layer is made up of a number of neuropil-like structures called glomeruli
where the axons from the OSNs terminate. The arrangement of these glomeruli is such
that a particular glomerulus receives the inputs from the olfactory sensory neurons
which express the same odorant receptor (Mombaerts et al., 1996; Ressler et al., 1993).
Thus, a spatial map of different odors is made in this layer. The periglomerular (PG)
cells, external tufted (ET) cells and the superficial short-axon (sSA) cells are the three
distinct cell types which are surrounding the glomeruli in the GL which are collectively

called as juxtaglomerular (JG) cells (reviewed in Nagayama et al., 2014). The MCL

AOB —+ VA — H
MOB T AON

VNO

Cilia Lumen

| olfactory tract
Olfactory sensory ‘Basement S —
To olfactory neuron axons membrane
l bulb

Figure 2: A diagrammatic representation of the rodent olfactory system. (From Lledo et al., 2005).
Sagittal section of the rodent brain is depicted in the top diagram. The lower left diagram is a
representation of the olfactory epithelium depicting olfactory sensory neurons. The lower right

diagram is the representation of the connections in the main olfactory bulb.
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contains the somata of mitral cells and tufted cells, which are the projection neurons
that carry information to higher brain centers. Excitatory glutamatergic synapses are
formed between the afferent axons of the OSNs and the apical dendrites of mitral and
tufted (M/T) cells in the glomeruli. GCL is primarily made up of interneurons called
granule cells (GC) (Price and Powell, 1970). These cells are axon-less, and their
primary function is to provide recurrent and lateral inhibition to mitral and tufted cells.
They receive excitatory glutamatergic inputs from the mitral and tufted cells, which leads
to a GABA release from their spines. If the GABA is released to the same mitral cells
which had excited the GC, the process is known as recurrent inhibition while if it is
released onto the dendrites of neighboring mitral cells, it is called lateral inhibition
(Isaacson and Strowbridge, 1998; Margrie et al., 2001; reviewed in Shepherd et al.,
2007). The inhibition provided by the interneurons to the projection neurons is highly
activity-dependent. Because of this, the spatio-temporal representation for each odor is
unique, although, it can be overlapping for perceptually similar odors. Such dense bi-
directional connectivity, thus, plays an important role for odor contrast enhancement.
This makes OB as the first centre where odor perception can be partially achieved. The
mitral and tufted cells further project to the olfactory cortex, which includes the anterior
olfactory nucleus (AON), the piriform cortex (PC), the olfactory tubercle (OT), the lateral
part of the cortical amygdala (LA), and the entorhinal cortex (EC).

There have been studies in which different forms of a-syn (human wild type, human
oligomeric, human and mice pre-formed fibrils (PFFs), and human fibrils) have been
injected in the olfactory bulb of mice to study their spread and effect on cell population
(Rey et al., 2013, 2016, 2018b). One of the studies (Rey et al., 2013) showed that the
human a-syn (monomeric, oligomeric and fibrillar) which was injected in the olfactory
bulb of the mice was capable of transferring to the interconnected brain regions. The
injection of mouse PFFs as well as human PFFs into the OB of mice is capable of
causing the spread of a-syn pathology to the interconnected regions of the brain
although the progression in case of human PFFs being comparatively slower than that
of mice PFFs. They also showed that this spread of the a-syn pathology after the

injections of a-syn PFFs is associated with an increased neuronal cell loss in the OB
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over a time period of 6-months post injection. However, the pathology was observed to

decrease in its severity at a time point of 18 months in their model(Rey et al., 2018b).

1.4 Our Work

We have developed a Parkinson’s disease mouse model to check for any olfactory
impairments caused by the injection of aggregated forms of a-syn in the olfactory bulb
of wild type mice. Three groups of wild type mice were stereotactically injected with
structurally different forms of human a-syn i.e. monomeric, oligomeric and fibrillar forms
in the granule cell layer (GCL) of the olfactory bulb, respectively. An array of sensory
and motor behavioral experiments were then performed. Granule cells play an essential
role in lateral and recurrent inhibition of mitral/tufted cells, which is pivotal in odor
discrimination(Abraham et al., 2004, 2010; Bhalla and Bower, 1993; Johnson et al.,
2010). The main hypothesis behind this study is that the injection of a-syn in the GCL
would lead to the development of PD pathology as a result of dysfunction in the
inhibitory interneuronal synaptic connections. This would, in turn, affect the odor
detection & discrimination abilities of the animals. The olfactory learning, long-term
memory and reaction times are the parameters investigated in these injected mice using
a go/no-go operant conditioning paradigm (Abraham et al.,, 2004, 2010). We also
carried out a series of non-associative olfactory behavioral assays such as pheromone
detection assay and the buried food pellet test. To check whether our injections had
any effect on the accessory olfactory bulb mediated behavior such as pheromone
detection, a pheromone detection test was carried out (Bind et al., 2013). The buried
food-pellet test was performed to check for odor detection abilities of the injected mice
(Machado et al., 2018). Regular administration of a-syn aggregates through nose in
adult mice for 14 days led to rigidity and locomotor defects (Gruden et al., 2014).In
order to investigate if our intrabulbar injections a-syn led to any motor dysfunction we
carried out the vertical pole test (Ogawa et al., 1985). Pre-motor symptoms include not
only olfactory dysfunctions but also elevated anxiety levels (reviewed in Prediger et al.,
2012). Thus we carried out the open-field test to check if our PD models exhibited

increased anxiety and exploratory activity (Takahashi et al., 2006).
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2. Materials and Methods

2.1 Subjects

A total of 27 C57BL6J male mice were obtained from the National Facility for Gene
Function in Health and Disease, IISER Pune. The subjects were of age around 6-8
weeks during the beginning of stereotactic injections. The 27 subjects were divided into
3 groups of 9 animals each. Each group was further subdivided amongst two sets
wherein one set contained 4 animals while the other set housed 5 animals. The animals
were maintained on a 12-hour light and 12-hour dark cycle in cages under humidity and
temperature controlled conditions. The subjects had free access to food during the
training period, but were kept on a 12-hour water deprivation cycle such that they
maintained 280% of their baseline body weight. The procedures were approved by the
Institutional Animal Ethics Committee (IAEC) and Committee for the purpose of Control
and Supervision of Experiments on Animals (CPCSEA), Govt. of India.

2.2 Odors

The odors used were Nonanol (Nn),1-Heptanol(Hp), (S)-(+)- Octanol (+O) and (R)-(-)-
Octanol (-O). Odors were diluted in 1 % mineral oil. Complex mixtures of these odors
were made in a ratio of 60:40. The first odor pair was Hp vs. Nn and the second odor

pair was +O vs. —O.

2.3 Three structural forms of a-synuclein

We injected three structurally different forms of human a-synuclein into three groups of
animals. The protein purification and aggregates preparations were carried out by Lisni
P. Sunny, a student in our lab. The protein was expressed in BL21 (DE3) E. coli

bacteria and purified by anion exchange chromatography. The stock protein of
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concentration 100 uM was kept for aggregation in PBS (pH 7.4) in a thermomixer at 37
°C and 600 r.p.m and characterized by transmission electron microscopy to check for
the aggregated forms of the protein (Figure. 3). A stock protein of concentration of 70
MM was incubated under the same conditions, and atomic force microscopy was done
to check for the oligomeric form of the protein (Figure. 4). The stock protein which was
not subjected to the treatment above mentioned was used as monomeric form of the

protein.

9.42 nm

0 nm

Figure 3: TEM image showing a-synuclein Figure 4: AFM image showing a-

fibrils (Scale 0.5 um) synuclein oligomers (Scale 1 um)

2.4 Stereotaxic Surgeries

Three different groups of wild type mice were stereotactically injected with three

different structural forms of a-syn as follows:
Group 1: Monomers injected mice
Group 2: Oligomers injected mice

Group 3: Fibrils injected mice
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The animals were anesthetized using a Ketamine:Xylazine mixture which was
administered intraperitoneally. The amount of ketamine used was 60 mg/mi/kg body
weight of animal and xylazine was 10 mg/ml/kg body weight of the animal. After
anesthetizing, the animals were mounted on the stereotaxic setup (Figure.5) (Leica
Angle Two Stereotaxic-220V for Mouse). The head of the animal was held in place

using two ear bars. The upper jaw was fixed on a tooth-ring.

Manipulators

for adjusting
the AP, ML

and DV axes

Tooth ring

Ear Bars

Figure 5: Stereotaxic setup
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After mounting, the hair was shaved off to expose the skin. Using a scalpel blade, a
straight cut (approx. 2 cm) was made in the skin directly above the skull. The skin was
retracted to form a lateral window for craniotomy and held in place with the hooks. The
area was cleaned and kept moist with cortex buffer (1x). A craniotomy was then

performed using a Bien Air Black Pearl Eco turbine.

Craniotomy

AP suture

Figure 6: Images of craniotomy performed on a wild type mouse to inject the aggregated forms

of a-synuclein
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Two cranial windows of approximately 2.5 mms in length were drilled, one above each

olfactory bulb, as shown in the figure (Figure. 6).

Blaubrand micropipettes (5ul), which were pulled on Narishige Japan horizontal puller
(model PN-31), were used to make the injection capillaries. The plane between the
bregma and the antero-posterior suture (AP suture) was made parallel by adjusting the
height of the tooth ring. These adjustments were done because the stereotactic injection
coordinates were defined relative to the center of OB on the dorsal side. The injection
capillary was then positioned to the center of the bulb on one side and the x, y and z
coordinates were set to zero. Protein of concentration 1mg/ml was then loaded in the
injection capillary. With respect to the center point, four injections were made in the
granule cell layer of the OB at co-ordinates defined in (Abraham et al., 2010). The co-
ordinates were as follows: (0.5, 0, -1), (0.3, 0,-1.3), (0.1, O, -1.4) and (0.1, O, -2) all in
mms along the (AP, ML, DV) axes. 0.4 pl of 1 mg/ml protein was injected at one site
and then the capillary was held in place for 4 mins to ensure proper delivery of protein.
After 4 minutes the capillary was retracted and adjusted to the other sites for further
injections. After the injections in one bulb were carried out, the center point for the other
bulb was adjusted in the same way, and the injections were carried out in the other
bulb.

Thus, a total of 8 injections per animal were carried out with 0.4 pl of 1 mg/ml protein
injected at each site, i.e. a total of 3.2 ul of 1 mg/ml protein was injected per animal.
After the injections, the hooks were removed, and skin was retracted. The incision was

sutured up, and the mouse was kept on a heating pad until waking up from anesthesia.
2.5 Behavioral training

The behavioral training was carried out after a recovery period of two weeks after the

stereotaxic surgeries.
2.5.1 Go/no-go paradigm

The odor discrimination abilities of mice were examined by training the animals on a

task based on go/no-go operant conditioning paradigm, to distinguish between binary

20



mixtures of odors (Abraham et al., 2004). All experiments were done using the custom-
made eight channel olfactometers. Mouse was kept in an operant chamber where it had
access to a sampling tube guarded by an infrared (IR) beam. When the mouse breaks
the beam and enters the sampling tube, the trial is initiated. Upon the initiation of a trial,
the mouse is presented with an odor, which can be either the rewarded odor (S+) or the
non-rewarded odor (S-). The odor and final (diversion) valves controlled the flow of odor
in a time-dependent manner, allowing opening of final valve 500ms after odor valve
opening. Each time, a particular odor was presented through either of the two valves. A

total of four odor valves for two odors (rewarded and unrewarded) were used.

The animal has to lick on the water delivery tube for the S+ odor and retract its head
from the sampling tube in case of S- odor. The animal does not receive any punishment

if it licks for the S- odor (Figure. 7)

A. Sampling Tube B.
IR beam (intact)
Water Delivery tube
\~ —
~
Ne—a
Odour deliveny ~— Odour delivery
Head inserted in the sampling tube
Mouse licks and gets reward N Mouse retracts its head
— —
S+ odour — S- odour ]

Figure 7. Go/no-go paradigm. A. The mouse has to break the IR beam to initiate the trial. B. Once the IR
beam is broken an odor is delivered to the mouse. C. If it is a rewarded (S+) odor, the mouse has to lick

on the water delivery tube for required time and it gets a water reward. D. If it is non-rewarded (S-) odor,

the mouse retracts its head and the IR beam is resealed.
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2.5.2 Reward Criterion

The total stimulus duration of 2s was divided into 4 bins of 500ms each. When a
rewarded odor (S+) is presented, the mouse has to lick at least once in 3 out of 4 bins to
register a successful trial after which it receives a water reward of 3-4pl. If a non-
rewarded odor (S-) is presented, the mouse should not lick for more than 2 bins out of 4
to register a successful trial. During the presentation of S+ odor, if the animal does not
lick for at least 3 bins out of 4 then the trial gets registered as an unsuccessful trial. In
case of S- trial if the animals licks for more than 2 bins, then the trial gets registered as

an unsuccessful trial.
2.5.3 Apparatus

The odor discrimination experiments were done on three different custom-built Knosys
eight-channel olfactometers (Bodyak and Slotnick, 1999). The software used for
controlling the olfactometers was custom written in Igor, Wavemetrics (Abraham et al.,
2004).

The animal was kept in an operant chamber consisting of a small circular opening into
the sampling tube, which is 2.5cm in diameter. The opening was guarded by an IR
beam and a photodiode receiver. When the animal pokes its head into the sampling
tube and breaks the beam, the trial is initiated. Upon initiation of the trial, the animals
receive one of the two (S+ and S-) odors from the valves (2 valves each) and have to

make the decision accordingly. Figure 8 shows the olfactometer setup.
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2.5.4 Pre-training

The mice that were at 280% of their baseline body weight after 2-3 days of 12-hour
water deprivation schedule underwent a pre-training task to get the animal acquainted
with the design of the setup, the sampling tube, and the water delivery tube. The pre-
training task is divided into 9 phases. Phase O contains 5 trials wherein the mouse gets
the reward by poking its head in the sampling tube. It helps the mouse to know the
location of the water delivery tube. In phase 1 (15 trials), the animal needs to lick on the
water-delivery tube to get the reward. From phase 2 onwards till phase 8, there are 20
trials per phase for which the animal has to lick the on the water delivery tube after odor
presentation to receive a reward. The odor used here is that of the mineral oil in which
our odor dilutions are prepared. The duration for which the animal has to lick gradually
increases as the phases progress, with the reward criteria becoming identical to that of
the training protocol in the last two phases.

2.5.5 Olfactory discrimination training

In the odor discrimination task, the trial is initiated when the mouse breaks the IR beam
guarding the sampling tube. This leads to opening of a diversion valve (Dv) and one of
the four main odor valves. The Dv is responsible for optimizing the odor traveling time
between its onset and first contact with the animal. When the Dv is released, odor is
applied to the animal for a total duration of 2 seconds. Odors are presented to the
animal in a pseudorandomized manner such that in a block of 20 trials not more than
two consecutive trials are of the same odor. Each block had 10 rewarded (S+) and 10
non-rewarded (S-) trials. There was a minimum inter-trial interval (ITlI) of 5 seconds
between the end of one trial and the resealing of the IR beam for the next trial. Three

tasks of 300 trials were carried out for both the odor pairs.
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2.5.6 Olfactory behavior task readouts

The percentage accuracy of an animal for an olfactory discrimination task is defined as
the percentage of successful trials the animal performs in the task. Learning curves for
different odor pairs was plotted as a measure of percentage accuracies at regular
intervals of 100 trials. Initial learning occurs at chance level as the mouse is unaware as
to which of the two odors is unrewarded. Thus, it continues to lick equally well for both
the S+ and S- odors. Upon training, after a few hundred trials, mouse learns to
discriminate. A mouse finally achieves an accuracy of 90-95% at about 800-1200 trials.
Learning, thus, is dependent on the complexity of the odors presented to the animals.
Quicker learning is achieved in case of a task wherein mouse discriminates

monomolecular odorants.

The sample pattern gives us an estimate about the time a mouse is spending in
response to a rewarded or an unrewarded odor during training. Initially, the mouse will
continuously break the beam and sample both the S+ and S- odors. However, over the
training phase, mouse will start to retract its head for S- odors. Therefore, the sampling
between the two odors would yield a sigmoidal curve. Reaction time, is, thus calculated
from the sample pattern plotted for an average of 300 trials, as the time point after odor
onset at which the pattern for S+ and S- diverges. The statistical difference between the
two curves is plotted as a logarithmic graph and the last time point corresponding to p-

value <0.05 is considered as the reaction time.

Lick percentage gives us a measure of the time spent by a mouse licking onto the lick
tube during the stimulus duration of 2s. Initially, mouse licks for both the S+ and S-
odors yielding a value of 80-90% in the initial training phase. However, as the mouse
learns to discriminate, this value goes down to 50%, i.e the mouse licks only for 50% of
the trials when the S+ odor is presented. Inter-trial interval or ITI is the time between
two consecutive trials. It is calculated from the breaking of the IR beams at the
beginning of the two consecutive trials. The lick percent as well as the ITI are an indirect
measure of an animal’s motivation. If the animal is motivated, then the ITI would be low

as the animal will perform the trials quickly. Conversely, if the animal is not motivated,
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the time between two consecutive trials would be more and lick percent would be below
50%.

2.6 Analysis

The data were analyzed using custom made software written in Igor (Abraham et al.,

2004) for the above parameters and plotted using GraphPad Prism software.
2.7 Vertical pole test

The Vertical pole test (Ogawa et al., 1985) is a behavior test which is used to assess
the motor dysfunction in animals. The mice are placed at the top of a vertical pole
(Figure 9) of 50 cm height and diameter of 1 cm. The mice are kept snout up, top on the
pole. The time taken to make a completely downward turn of the snout (T turn) and the
total time taken to descend the pole (T total) are measured. Three trials were taken per

animal, and then the average T turn and T total values were used for data analysis.

50 cm long
pole

Figure 9: Pole test setup
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2.8 Open Field Test

The open field test (OFT) was carried out to check the anxiety levels and general
locomotive activity across the three groups. Individual mice were let into a rectangular
arena of dimension 60 cm*45 cm*43 cm (length*breadth*height) (Figure. 10) for a time
period of 10 minutes. The parameters investigated were time spent in the corners, time
spent in the center, the velocity of the animal and the time spent immobile. Prior to
entering the arena, the animals were kept in a smaller box which has dimensions similar
to their home cage for 10 minutes to prevent any effect of novelty during the exploration

in the main arena

Mouse entry

Figure 10: Open field test setup. Image showing the arena settings and the
corner and center zones for open field test. The areas marked as A, B, C

and D are the corner zones while the area marked as E is the central zone

Mice tend to show a lesser proclivity to open areas which are brightly lit. If the animal is

more anxious, it will result in lesser locomotive activity, and the animal will spend more
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time at the corners of the arena rather than in the middle. Conversely, if the animal is
less anxious, then it shows more exploratory behavior, resulting in more locomotion
activity and comparatively lesser time spent in the corners of the arena (Hall and
Ballachey, 1932, Takahashi et al., 2006).

2.9 Pheromonal detection test

This test was done to check whether our injections have had any effects on the
pheromone detection system of the animals. The vomeronasal organ is the primary
center for pheromone detection in mammals. The neurons form the vomeronasal organ
project to the accessory olfactory bulb (AOB)(Rodriguez and Boehm, 2008; Thorne and
Amrein, 2003). The arena used was similar to that of the open field test. Soiled bedding
containing urinary pheromones was taken from cages housing the female mice. (Bind et
al., 2013). A petri dish of diameter 10 cm containing this bedding was kept in the exact
center of the arena such that the dish was not visible and surrounded with fresh
bedding. The time spent by the mice sniffing this zone was measured and compared
across the three groups. Fresh bedding was used while animals from separate cages

were tested.

Mouse entrv
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Figure 11: Pheromone detection test setup Image showing the arena settings
and the female bedding zone for the pheromone detection task. The area

marked as A has a petri plate containing bedding from a female cage

2.10 Buried food pellet test

The buried food pellet test is carried out to assess the ability of food-deprived mice to
find out the location of the buried food pellet using odor cues emanating from the pellet
(Machado et al., 2018). The animal was challenged to find a pellet which is buried under
the bedding in the arena. The dimensions of the arena were same as that of the OFT
and pheromone detection test (Figure 12). The test was carried over a time period of 4
days wherein the food pellet was buried below the surface for 3 days and for the 4th day
a surface pellet was kept as a visual control. The latency to find the pellet by the mice is

the main parameter that is observed in this test.

Mouse entry

Figure 12: Buried food pellettest setup. Image showing the arena settings and
buried pellet zones for open field test. The areas marked as A, B and C are the

zones where the pellet is buried for three different trials.
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3. Results and Discussion

Olfactory deficits are symptom of many major neurodegenerative diseases including
Parkinson’s disease. Impairments of the olfactory system appear very early as
compared to the classical motor symptoms of the disease, thus also called as
prodromal symptoms of the disease (Doty, 2008). Foreign agents such as xenobiotics,
toxins, bacteria, viruses, etc gain access to the olfactory bulb via the olfactory
epithelium (OE) which can cause protein misfolding locally in the OE or OB . This may
lead to a prion-like propagation of the misfolded protein to other parts of the brain
(reviewed in (Rey et al., 2018a)). According to Braak’s staging system of progression of
sporadic PD, the Lewy body formation first takes place in the OB and the dorsal motor
nucleus of the vagus nerve (Stage 1) (Braak et al., 2003). The pathology then spreads
to the other regions of the brain in further Stages 2-6. These Stages indicate the

development of pathology in different brain regions as the disease progresses.

We created a pre-clinical or prodromal model of PD in mice. As the OB is considered as
one of the starting points for the spread of pathology of PD to the other brain regions,
we stereotactically injected a-syn protein in the granule cell layer of the OB of wild type
mice. Three different structural forms of the a-syn protein i.e. the protein in its native
monomeric form and two abnormally aggregated forms, a-syn oligomers and a-syn
fibrils were injected in the OB of three different groups of wild type mice. We wanted to
investigate whether injecting structurally different forms of the protein may lead to
differential development of the symptoms. The odor discrimination task was carried out
at a time point of 2 weeks post injection while the rest of the behavioral tests were
carried out at a time point of around 14 weeks post injection. The main finding of this
thesis is that wild type mice which were stereotactically injected with a-syn oligomers in
the granule cell layer of the olfactory bulb exhibited olfactory deficits, but their motor

abilities remained unaffected.
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3.1 Odor discrimination task

Two odor discrimination tasks were carried out to check the effect of stereotactic
injection of the different structural forms of a-syn in the granule cell layer (GCL) of the

animals. The three groups of mice were as follows:
Group 1: Mice injected with monomeric form of a-syn,
Group 2: Mice injected with oligomeric form of a-syn and
Group 3: Mice injected with fibrillar form of a-syn

Each group containing 9 animals were further divided into two sets of 4 and 5 animals.
The rewarded (S+) and non-rewarded (S-) odors were swapped between these two
sets.

First odor pair (table 1)

Odors used: Binary Mixtures of 1-Heptanol (Hp): Nonanol (Nn)
Set1
Rewarded odor composition S(+) 1-Heptanol (Hp) : Nonanol (Nn)
in 60:40 proportion
Non-rewarded odor composition S(-) 1-Heptanol (Hp) : Nonanol (Nn)
in 40:60 proportion
Set 2
Rewarded odor composition S(+) Nonanol (Nn): 1-Heptanol (Hp) in 60:40
proportion
Non-rewarded odor composition S(-) Nonanol (Nn): 1-Heptanol (Hp) in 40:60
proportion
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Second odor pair (table 2)

Odors used : Binary Mixtures of (S)-(+)- Octanol (+O) : (R)-(-)-Octanol (-O)

Set1

Rewarded odor composition S(+) (S)-(+)- Octanol (+O) : (R)-(-)-Octanol (-O)
in 60:40 proportion

Non-rewarded odor composition S(-)  (S)-(+)- Octanol (+O) : (R)-(-)-Octanol (-O)
in in 40:60 proportion

Set2

Rewarded odor composition S(+) (R)-(-)-Octanol (-O) : (S)-(+)- Octanol (+O)
in 60:40 proportion

Non-rewarded odor composition S(-) (R)-(-)-Octanol (-O) : (S)-(+)- Octanol (+O)
in 40:60 proportion

3.1.1 Wild type mice injected with oligomeric form of a-synuclein showed

olfactory deficits

The learning curves (Figure 13.A) and percentage accuracy graphs (Figure 13.B) for the

three groups for Hp. vs. Nn. odor pair were plotted. The learning curves were plotted

from the beginning of task 1 to the end of task 3 (1% trial to the 900" trial) . As seen from

the curves, group 1 (monomer injected) animals started with slightly better accuracy as

compared to group 2 (oligomer injected) and group 3 (fibril injected) animals. Monomer
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injected animals started to learn at the end of task 1 (300 trials). The learning of
oligomers-injected animals and fibrils-injected animals was around chance level by the
end of task 1. After the completion of task 1, the learning pace across the three groups
started to rise with monomers-injected mice showing the fastest learning pace followed
by fibrils-injected mice. Oligomers-injected exhibited learning impairment, reaching the
final average accuracy of around 80%. There was a significant difference in the
percentage accuracies of the animals across the three groups across multiple data
points on the learning curves as shown in Figure 13.A (Ordinary Two-way ANOVA, F-
value = 2.801, p-value = 0.00041). The percentage accuracy (Figure 13.B) of
monomers-injected animals for the final task (601-900 trials) was around 95%, that of
oligomers-injected animals was just exceeding 80%, and that of fibrils-injected animals
was around 90%. There was a significant difference observed between the percentage
accuracies of monomers-injected animals vs. oligomers-injected animals and oligomers-
injected animals vs. fibrils-injected animals (Ordinary One-way ANOVA, F-value =
22.94, p-value<0.0001).

The reaction times of wild type mice injected with the three different structural forms of
a-syn were also calculated across the three groups for the final task (601 to 900 trials)
and plotted as bar graphs. For the first odor pair, Hp. vs. Nn. (Figure13.C), monomers-
injected and fibrils injected animals learnt to discriminate faster than the oligomers-
injected animals. The reaction time values were not significantly different for monomers-
injected animals vs. fibrils-injected animals. There was a significant difference between
the reaction times of monomers-injected animals vs. oligomers-injected animals (300ms
vs 500ms) and fibrils-injected animals vs. oligomers-injected animals (350ms vs 500ms)
(Ordinary One-way ANOVA, F-value = 12.09, p-value=0.0002).
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Figure 13. Hp. vs Nn. Odor discrimination task readouts. (A) Learning curves (Ordinary Two-way
ANOVA, F-value = 2.801, p-value = 0.00041), (B) Percentage accuracies (mean + SEM) (Ordinary
One-way ANOVA, F-value = 22.94, p-value<0.0001) and (C) Reaction times (mean = SEM)
(Ordinary One-way ANOVA, F-value = 12.09, p-value=0.0002) of monomers-injected (blue),
oligomers-injected (red) and fibrils-injected (green) animals for Hp. vs. Nn odor discrimination

tasks.

The asterisks (Fig 13.B, 13.C) indicate a significant difference between percent accuracy and

reaction times of group 1 vs. group 2 and group 2 vs. group 3.

A green asterisk Fig 13.A indicates a significant difference between group 1 vs. group 2 data
points, blue asterisk indicates a significant difference between group 2 vs. group 3 data points and

green asterisk indicates a significant difference between group 1 vs. group 3 data points.
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The learning curve for the +O vs. -O odor pair is shown below in Figure 14.A. The
curves for the three groups did not show any statistically significant difference over the
three tasks (Ordinary Two-way ANOVA, F-value = 0.5727, p-value = 0.9022). The
percentage accuracy in the third task of the second odor pair (Figure 14. B) was also
similar across the three groups, reaching ~ 95% and no significant difference was
observed between the accuracies of the three groups (Ordinary One-way ANOVA, F-
value = 1.045, p-value= 0. 3671).

The reaction times of the mice across the three groups for the +O vs. -O odor
discrimination task followed the same trend as that of the Hp. vs Nn. odor discrimination
task. The reaction time for monomers-injected animals was slightly below 300 ms, while
that of oligomers-injected animals was significantly higher at ~ 450 ms and that of fibrils-
injected animals was significantly high than monomers-injected animals but significantly
lower than oligomers-injected animals at just below 400 ms (Figure 14.C) (Ordinary
One-way ANOVA, F-value = 19.42, p-value<0.0001). Interestingly, even though the
oligomers-injected animals learnt to an average accuracy which was comparable to that
of monomers-injected animals and fibrils-injected animals, they still took longer reaction
times to discriminate between the second odor pair. This could be due to the dynamicity
an in vivo system provides. One of the possible reasons is that the oligomer-injected
animals learnt the procedural aspects of the paradigm during the first odor
discrimination training. Alternatively, the protein aggregates may have traversed to
interconnected brain regions from the site of their injections. However, we need to
confirm this by carrying out immunohistochemistry of the oligomeric a-syn in the brain

sections of these animals.
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Figure 14. +O vs. -O. odor discrimination task readouts. (A) Learning curves (Ordinary Two-
way ANOVA, F-value = 0.5727, p-value = P = 0.9022), (B) Percentage accuracies (mean *
SEM) (Ordinary One-way ANOVA, F-value = 1.045, p-value= 0.3671) and (C) Reaction times
(mean £ SEM) (Ordinary One-way ANOVA, F-value = 19.42, p-value<0.0001) of monomers-
injected (blue), oligomers-injected (red) and fibrils-injected (green) animals for +O vs -O odor

discrimination tasks.

The asterisks (Fig 14.C) indicate a significant difference between reaction times of group 1 vs.

group 2 and group 2 vs. group 3.
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3.1.2 Behavioral deficits are not due to the differences in the motivation levels

To investigate if the motivation levels are accounting for the olfactory deficits we
observed, we calculated different parameters defining the motivation of animals. For the
first odor pair (Hp. vs. Nn.), the inter-trial interval (ITl) (Figure 15.A) for the final task
across the three groups did not have any significant difference (Ordinary One-way
ANOVA, F-value = 1.948, p-value=0.1644). Similar to the first odor pair, the inter-trial
interval (ITI) for the second odor pair (+O vs. —O) (Figure 15.B) also did not show any
significant difference over the final task for the three groups (Ordinary One-way
ANOVA, F-value = 1.045, p-value=0.3671).

The lick percentage for the first odor pair (Hp. vs. Nn.) (Figure 15.C) was also
statistically insignificant across the three groups (Ordinary One-way ANOVA, F-value =
0.1104, p-value=0.8959). The lick percentage (Figure 15.D) for second odor pair (+O vs.
—0) was similar as well across the three groups for the final task and no significant
difference was observed across them (Ordinary One-way ANOVA, F-value = 0.0404, p-
value=0.9605).
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Figure 15: Motivation level readouts for both odor discrimination task .A) Inter-trial
interval for Hp vs. Nn (mean + SEM) (Ordinary One-way ANOVA, F-value = 1.948,
p-value=0.1644) and B) +O vs. -O (Ordinary One-way ANOVA, F-value = 1.045, p-
value=0.3671) and Percentage lick for (mean + SEM) for C) Hp vs. Nn (mean *
SEM) (Ordinary One-way ANOVA, F-value = 0.1104, p-value=0.8959) and D) +O
vs. -O (Ordinary One-way ANOVA, F-value = 0.0404, p-value=0.9605) of
monomers-injected (blue), oligomers-injected (red) and fibrils-injected (green)

animals in odor discrimination task.

Our findings about olfactory impairments in animals by intrabulbar delivery of oligomeric
a-syn provided similar results compared to another study in which we delivered the

aggregated forms of a-syn by intranasal infusion (see Appendix 1).

GCL specific delivery of a-syn aggregates brought about defects in olfactory
discrimination and learning. These olfactory deficits could be due to the impaired
functioning of granule cells inhibitory network. We are aware that spatio-temporal
representations of odorants start forming at the level of activated glomeruli and are
getting refined by the inhibitory circuits at the level of GL and GCL. These reciprocal

synapses, thus, play an important role in odor discrimination. Our a-syn injections target
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30-40 % of the entire granule cell population thus affecting the activity of GCs thereby
modulating recurrent and lateral inhibition on the M/T cells. Rey et al., 2016 showed
impaired odor detection and odor retention abilities but no deficits in odor discrimination
abilities in animals by a unilateral non-specific delivery of human and mice a-syn pre-
formed fibrils (PFFs) in the mouse OB. An advantage of our study over that of Rey et
al., 2016, is that we have carried out a granule cell layer specific injections of the
aggregated forms of a-syn. The odor discrimination abilities are largely modulated by
the GCs of the OB. We have successfully demonstrated that our granule cell specific
injections of a-syn oligomers show impaired reaction times with the phenotype
appearing as early as 2 weeks post-injections. We did not observe deficits in the odor
discrimination abilities in the fibrils-injected animals at a time point of 2 weeks post-
injection but olfactory deficiencies were observed at 1 month post-injection. This finding
is congruous with those reported in Rey et al., 2016 which state the onset of behavioral
deficits starting from a 1 month post injection time point. More strikingly, in our
experiments the oligomeric form of aggregates caused more severe impairments of
olfactory functions as compared to the fibrillar form of a-syn. The electrophysiological

basis of these behavioral deficits will be further investigated in detail.

3.2 All three groups of mice exhibit similar motor abilities

The vertical pole test was performed to check for any motor deficits caused due to the
injection of the three structurally different forms of a-syn in the OB. The average time
taken to make a completely downward turn of the snout (T turn) and the total time taken
to descend the pole (T total) across three trials were measured and plotted as bar
graphs. The average T turn (Fig 16.A) and the T total (Fig 16.B) across the three groups
were comparable. There was no significant difference in the T turn (Ordinary One-way
ANOVA, F-value = 0.2232, p-value= 0.8017) as well as T total (Ordinary One-way
ANOVA, F-value = 0.6688, p-value= 0.5220) across the three groups of animals.

39



A B
T turn T total
4+ 15-
31 o) o
Q 2- o 0 Q E";
E 5ot=5 E ;E o
- (e]¢] o = 5 °
14 o
0 L] L} T 0 L L] L
<2 & R <2 & R
6‘0 @e _{ok\ @0 (Qe- -{0‘\
® & < ® & \
W o® g o
Groups Groups

Figure 16: Vertical pole test readouts A) Time taken to turn (mean £ SEM) (Ordinary One-way
ANOVA, F-value = 0.2232, p-value= 0.8017) and B) Total time taken to descend (mean + SEM)
(Ordinary One-way ANOVA, F-value = 0.6688, p-value= 0.5220) of monomers-injected (blue),

oligomers-injected (red) and fibrils-injected (green) animals in a vertical pole test.

3.3 Anxiety levels and locomotive abilities were similar across the three groups

The results of the open field test indicated similar anxiety levels across all three groups
of mice. The parameters that were looked at in the open field test were the time spent
by the animal in the corners of the arena (T corner), the time spent in the center of the
arena (T center), the average speed of the animal in the arena and the duration for
which the animal remained immobile in the arena. The average time spent in the
corners of the arena (Figure 17. A) had no significant difference across the three groups
in the T corner measurements (Ordinary One-way ANOVA, F-value = 2.304, p-value=
0.1224). The time spent in the center of the arena (Figure 17. B) was significantly higher

for monomers-injected animals when compared to oligomers-injected animals but for all
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other comparisons, it was non-significant (Ordinary One-way ANOVA, F-value = 4.563,
p-value= 0.0214). The average speed of the animal in the arena (Figure 17.C) was also
non-significant across the three groups (Ordinary One-way ANOVA, F-value = 1.876, p-
value = 0.1758). The total duration of time spent immobile by the animal (Figure 17.D)
was also calculated and lacked any significant difference across the three groups
(Ordinary One-way ANOVA, F-value = 0.1492, p-value = 2.069).
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Figure 17: Open field test readouts: A) Average time spent in the corners (mean + SEM) (Ordinary
One-way ANOVA, F-value = 2.304, p-value= 0.1224), B) Time spent in the center (mean = SEM)
(Ordinary One-way ANOVA, F-value = 4.563, p-value= 0.0214), C) Average speed of animals (mean
+ SEM) (Ordinary One-way ANOVA, F-value = 1.876, p-value= 0.1758), and D) time spent immobile
(mean = SEM) (Ordinary One-way ANOVA, F-value = 0.1492, p- value=2.069) by the animals across

monomers-injected (blue), oligomers-injected (red) and fibrils-injected (green) in an open field test.

3.4 Pheromone detection abilities were similar across the three groups

The time spent by the mice in the zone containing bedding from female cages was
compared across the three groups. There was no significant difference between any of
the three groups, thus indicating that the pheromonal detection abilities were similar
across the three groups (Figure 18) (Ordinary One-way ANOVA, F-value = 0.1911, p-
value = 0.8273).
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Figure 18: Pheromone detection test readouts. Average time (mean + SEM) (Ordinary One-
way ANOVA, F-value = 0.1911, p-value = 0.8273) spent in the center by the animals across
monomers-injected (blue), oligomers-injected (red) and fibrils-injected (green) in pheromone

detection test.
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3.5 Mice injected with oligomeric form of a-synuclein showed altered odor

detection abilities

The time taken by the mice to find the buried food pellet was measured and compared
across the three groups of animals. Average time taken over the course of three trials
was plotted and compared across the three groups of animals. The results displayed
higher latency to find the pellet in oligomers-injected group when compared to fibrils-
injected group (Figure 19) (Ordinary One-way ANOVA, F-value = 4.804, p-value=
0.0181).
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Figure 19. Buried food pellet task readouts A) Time taken to find the pellet (Mean with SEM)
(Ordinary One-way ANOVA, F-value = 4.804, p-value= 0.0181) for monomers-injected (blue),

oligomers-injected (red) and fibrils-injected (green) animals in a buried food pellet task.
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The findings of this thesis run in accordance with an earlier study carried out by Zhang
et al., published in January 2019, reported that the deletion of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) region of the brain leads to impairments in
neural activity in the olfactory bulb (Zhang et al., 2019). They demonstrated significant
impairments in odor discrimination abilities and odor spatial memory in mice seven days
post-injection with dopaminergic toxin 6-hydroxydopamine (6-OHDA) in the SNpc.
However, the motor abilities which were checked through the rotarod test, remained
unaffected in these mice.

Our studies were performed on wild-type C57BL6J male mice and no genetic
manipulations were involved to create a PD model in these mice. We were able to
successfully establish an early-onset PD model by intra-bulbar injections of a-syn at an
age of 2 months. An advantage that our paradigm provides is that we can also establish
a late-onset PD model by carrying injections at later adulthood (>6 months) in mice.

We plan to carry out immunohistochemical analysis for the presence and spread of
abnormally aggregated a-syn from the site of injections to the interconnected brain
regions across these three groups of animals. We want to investigate if the spread of

these aggregates is varying across the three groups.

Another prospective study is investigating the action of artificially synthesized
tryptophan-based compounds by injecting them in the same PD mouse models. These
compounds have been shown to cause disassembly of the a-syn aggregates in in vitro
experiments carried out in our lab. We plan to check whether there would be a recovery
in the behavioral phenotype of the PD mice model, which we created upon the delivery

of these compounds.
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4. Appendix

4.1 Intranasal delivery of a-synuclein oligomers resulted in impaired olfactory

reaction times

Three structurally different forms of a-syn protein were intranasally injected in wild type
mice by another lab member, Niyoti Tembulkar. This is yet another proven strategy to
create PD models which has shown to bring about maladaptive changes at the
behavioral level (Gruden et al., 2014). She performed a Hp. vs. Nn. odor discrimination
task for the three groups of animals and observed that the oligomers-injected group
exhibited significantly higher reaction times after the injections as compared to the

reaction time before injection (Figure 20).
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Figure 20. Reaction times for 1-Heptanol (Hp) vs Nonanol (Nn) odor discrimination task of
intranasally injected wild type mice with three structurally different forms of injected a-synuclein

before and after injection.

The asterisk indicate a significant difference between reaction times of wild type mice before

and after intranasal injection of a-synuclein oligomers
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