
BEHAVIORS DISRUPTED DUE TO OVER-EXPRESSION OF TAU IN 
THE CHOLINERGIC PEDUNCULOPONTINE TEGMENTUM 

By 

Kaliana M. Veros 
July 11 , 2018 

A thesis submitted to the 
Faculty of the Graduate School of 

the University at Buffalo, State University of New York 
in partial fulfillment of the requirements for the 

degree of 

Master of Science 

Department of Pharmacology & Toxicology 



Acknowledgements 

I would first like to thank my mentor, Dr. Stewart Clark, for providing me the opportunity to 

learn and grow as a scientist, as well as teaching me lessons that were never learned in a lecture 

hall. Dr. Clark challenged my critical thinking skills regularly, and taught me how to interpret 

data from all possible explanations. He taught me how to work through challenges methodically 

and to be proactive about foreseeable hiccups. Dr. Clark made the lab an enjoyable atmosphere 

that I looked forward to going to every day. He would keep me focused on my work, but also 

make me laugh regularly. Perhaps the greatest thing he taught me was how to adopt a positive 

mental attitude in the lab. Keeping a positive mental attitude made for a productive, yet 

enjoyable work environment that made the lab my second home. He instilled a sense of 

excitement in me each time results were analyzed. That excitement made me think about how 

many more tests we could have done to generate even more results . Working in his lab, and on 

the project I was given, strengthened my passion for science and confirmed my future plans to 

pursue a PhD. 

I would also like to thank my fellow lab members Rob Ettaro, Meghan Griffin, Steven Gertz, 

Trisha Ljungberg, as well as numerous undergrads who helped in solving numerous problems 

and made the lab a fun place to be. I am happy to say we have become close friends and I know 

each of them will succeed in any of their endeavors. 

Lastly, I would like to thank my committee members, Dr. David Shucard and Dr. Jun-Xu Li, for 

attending committee meetings over the past couple years, as well as providing valuable insight to 

my project. 

11 



Table ofContents 

Acknowledgements ......................................................................................................................... ii 

Table of Contents ........................................................................................................................... iii 

Abstract .......................................................................................................................................... vi 

Chapter 1 : Introduction .................................................................................................................... 1 

1.1.0 Progressive Supranuclear Palsy ............................................................................... 1 

1.1.1 PSP Motor Symptomology .......................................................................... 1 

1.1.2 PSP Cognitive Deficits & Behavioral Changes ...........................................2 

1.1.3 PSP Pathology ..............................................................................................3 

1.2.0 Pedunculopontine Tegmentum Structure ................................................................ .4 

1.2.1 PPTg Projections ..........................................................................................5 

1.2.2 PPTg Functions ............................................................................................6 

1.2.3 Previous PPTg Lesion Studies- Cognitive Impairments ..............................7 

1.2.4 Previous PPTg Lesion Studies- Motor Impairments ...................................8 

1.3.0 Proposed PSP Model. ...............................................................................................9 

Chapter 2: Methods ........................................................................................................................ 10 

2.1.0 Animals .................................................................................................................. 10 

2.2.0 Stereotaxic Surgeries ............................................................................................. 11 

2.3.0 Histology................................................................................................................ 13 

111 



2.4.0 Neuron Counting .................................................................................................... 14 

2. 5.0 Experimental T imeline ........................................................................................... 14 

2.6.0 Acoustic Startle Reflex .......................................................................................... 15 

2.7.0 Locomotor Activity ................................................................................................ 15 

2.8.0 Horizontal Ladder .................................................................................................. 16 

2.9.0 Vertical Descent Paradigm .................................................................................... 17 

2.10.0 Hindlimb Clasping ................................................................................................. 18 

2.11.0 Marble Burying ...................................................................................................... 19 

2.12.0 Hole Board Test ..................................................................................................... 19 

2.13.0 Operant Paradigm ..................................................................................................20 

Chapter 3: Results ..........................................................................................................................22 

3.1.0 ChA T + & GFP Histology- Optimization Surgeries ..............................................22 

3.2.0 Acoustic Startle Reflex ..........................................................................................23 

3.3.0 Locomotor Activity ................................................................................................24 

3.4.0 Horizontal Ladder ..................................................................................................26 

3.5.0 Vertical Descent Paradigm ....................................................................................27 

3.6.0 Hindlimb Clasping .................................................................................................29 

3.7.0 Marble Burying ......................................................................................................29 

3.8.0 Hole Board Test .....................................................................................................30 

lV 



3.9.0 Operant Box Paradigm ...........................................................................................31 

Chapter 4: Discussion ....................................................................................................................34 

4.1.0 Summary of Results ...............................................................................................34 

4.2.0 Motor Deficits ........................................................................................................35 

4.2.1 Acoustic Startle Reflex & Locomotor Activity .........................................35 

4.2.2 Horizontal Ladder, Vertical Descent Paradigm, & Hindlimb Clasping ....37 

4.3.0 Emotional Deficits .................................................................................................40 

4.3.1 Marble Burying & Hole Board Test ......................................................... .40 

4.4.0 Cognitive Deficits ................................................................................................. .42 

4.4.1 Operant Box Paradigm .............................................................................. .42 

4.5.0 Stereotaxic Microinjections .................................................................................. .44 

4.6.0 Future Directions .................................................................................................. .45 

4.7.0 Conclusions ............................................................................................................47 

References ......................................................................................................................................49 

V 



Abstract 

The pedunculopontine tegmentum (PPTg) is a structure located in the brainstem and has become 
a main focus of study for neurodegenerative diseases, such as Progressive Supranuclear Palsy 
(PSP). The PPTg is comprised of three neuronal subtypes: GABAergic, glutamatergic, and 
cholinergic. PSP pathology includes an extensive degeneration of cholinergic neurons within the 
PPT g as well as aggregates of a pathogenic micro tubule stabilizing protein (tau) throughout the 
brain. Moreover, PSP symptomology includes a deficit in the acoustic startle reflex (ASR), 
impairment of motor function and coordination, as well as dysexecutive dementia. Currently, 
there are no pharmacological treatments available for those diagnosed with PSP, and drug 
discovery efforts are hindered by the lack of an adequate preclinical animal model. We 
hypothesize the complete loss of cholinergic neurons within the PPTg, in addition to the 
deposition of tau in the PPTg via virally mediated overexpression, and the subsequent 
distribution of tau along PPTg projections, will produce PSP symptomology and mimic disease 
progression. 

Using ChA T-Cre rats, that only express ere recombinase in cholinergic neurons, virally mediated 
(adeno associated virus) human tau in the 1N4R isoform (seen in PSP) was injected into the 
PPTg and the thalamus in an effort to produce maximum tau expression in the PPTg cholinergic 
neurons. At 4 weeks, 8 weeks, and 14 weeks post-surgery, rats were tested in a variety of 
behavioral paradigms: acoustic startle reflex (ASR), marble burying, locomotor activity, 
horizontal ladder, vertical descent paradigm, hole board, and hindlimb clasping. Operant training 
and testing was ongoing throughout the 14 weeks. 

Four weeks post-surgery, rats exhibited significant deficits in ASR, horizontal ladder, vertical 
descent paradigm, and hindlimb clasping. Additionally, rats displayed significant emotional 
deficits in marble burying, as well as a trend toward decreased exploratory behavior in the hold 
board test. Operant testing revealed an intact working memory, but gave insight to other 
behaviors, such as perseverative lever pressing, or altered salience of reward pellets. 

Though histology is pending, our results suggest there is significant cholinergic neuron loss in 
the PPTg, as well as degeneration that has spread to other areas via PPTg pathways. This tau 
model attempted to induce PSP-like pathology to recreate key clinical symptomology. The motor 
and emotional deficits observed in our animals, which did not diminish over time, suggests this 
may be an appropriate preclinical animal model for the disease, and could find utility in drug 
discovery efforts. 
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Chapter 1: Introduction 

1.1.0 Progressive Supranuclear Palsy 

The disease Progressive Supranuclear Palsy (PSP) is the most common atypical Parkinsonism, 

with five or six in every 100,000 living with the disease but only an average of 1.5 per 100,000 

accurately diagnosed each year [ 1]. Early symptoms of PSP so closely resemble Parkinson's 

disease (PD), neurologists often initially diagnose patients with PD [2 , 3]. For each person with 

an accurate diagnosis of PSP, three are diagnosed incorrectly or not at all [ 1] . It often takes 

patients not responding to dopaminergic therapies to be correctly diagnosed with PSP [ 4, 5]. 

PSP is almost entirely sporadic with a mean age of onset of 63 , and no predominant gender bias. 

Furthermore, no geographical, ethnic, or racial disparities have been found [ 1]. From the time of 

correct diagnosis, PSP patients have a life expectancy of 6-8 years, suggesting the 

neurodegenerative process began years, or even decades, before symptoms arose [ 4] . 

Currently, there is no cure or pharmacological treatments for PSP. Novel neuroprotective 

medications are ineffective and the resistance to dopaminergic therapy leaves patients with 

occupational, physical, and speech therapies as their only treatment options. More recently, deep

brain stimulation (DBS) has become a therapeutic approach, however inconsistencies in previous 

studies and debate among scientists puts DBS far from becoming a standard treatment option [6]. 

1.1.1 PSP Motor Symptomology 

PSP is classified as a Parkinsonism- the motor deficits seen in patients arise from 

neurodegeneration that progresses over time. Presentation of motor symptoms closely resemble 

PD: bradykinesia (slowness of movement), disturbed gait, and frequent trips and falls [1 , 5, 7]. 
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However, over the course of the disease, motor impairments take on distinct deficits that differ 

from PD. The frequency of falls increases as the neck and back become more stiff ( axial 

rigidity), making it difficult for the patient to look down. Motor control declines further to ataxia, 

a loss of full control ofbodilymovements [5 , 7, 8]. Within two years of diagnosis, nearly half of 

PSP patients develop dysarthria, difficult or unclear articulation of speech [5 , 9]. Clinically, the 

combination of a slow rate of speech with a strained quality is specific for PSP. Furthermore, the 

majority of patients report dysphagia, or difficulty swallowing, which leads to aspiration 

pneumonia being the leading cause of death in PSP [1 , 4, 9, 10]. 

While loss of motor control is problematic, many patients report the vertical gaze palsy as the 

most debilitating impairment. Voluntary vertical movement of the eyes is lost, but eyes can move 

fully up or down when vision is fixed on an object and the head is passively moved. Eye 

movement difficulty presents several years after disease onset and leaves patients with a staring 

gaze [1 , 11]. 

1.1.2 PSP Cognitive Deficits & Behavioral Changes 

Not only do PSP patients exhibit motor impairment that declines over time, they also exhibit 

many cognitive deficits and behavioral changes. Early on in the disease course, patients often 

exhibit personality changes, irritability, and forgetfulness [ 1, 8, 11] . Clinically, cognitive or 

behavioral changes are the presenting feature in approximately 30% of cases, eventually leaving 

over 80% of patients affected by cognitive decline [1] . Prior to cognitive impairments, motor 

deficits may be dismissed and attributed to normal age related decline. Patients often present as 

agitated, impatient, frustrated, and prone to explosive emotional reactions [ 1, 11]. Additionally, 
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they have slowed thinking, poor memory, confusion, and difficulty with abstract thought. Over 

time, patients become more apathetic and report higher levels of anxiety and/ or depression [ 1]. 

Throughout disease progression, working memory also declines. PSP is referred to as a 

"prototypic form of subcortical dementia" indicating deficits in working memory, planning and 

execution, concept formation, as well as verbal fluency. During clinical testing, patients have 

poor performance in seeing patterns, initiating actions, sorting, problem solving, and abstract 

thinking [1 , 12-16]. 

1.1.3 PSP Pathology 

PSP diagnosis can only be confirmed post-mortem. Examination of a PSP brain shows severe 

degeneration of the brainstem structure the Pedunculopontine Tegmentum (PPTg) as well as the 

adjacent structure Laterodorsal Tegmentum (LDTg) [17-20, 22]. This degeneration appears to be 

selective for the cholinergic neurons of this structure, whereas in Parkinson' s disease the 

degeneration appears to be more generalized [ 17, 21 , 22]. 

Pathologically, one feature that distinguishes PSP from PD is that PSP is a tauopathy. 

Tauopathies occur when the microtubule stabilizing protein, tau, becomes insoluble and 

aggregates in clusters that is believed to cause death to surrounding neurons and glia. In PSP, tau 

aggregates are dense in the PPTg which is believed to cause the extensive degeneration in this 

structure. Degeneration or tau aggregates are not restricted to the PPTg, with many areas 

throughout the brain also found degenerated in PSP [23-25]. Furthermore, there is damage to the 

dopaminergic nigrostriatal pathway as well as damage to the cerebral cortex. Damage to the 

dopaminergic pathways, such as substantia nigra (SN) and globus pallidus, as well as changes in 

motor and premotor areas of the cortex contribute to the motor symptoms observed in PSP [ 1, 
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19, 26-28]. Degeneration of the dorsal midbrain, specifically the SN and superior colliculus, may 

be a contributing factor to the vertical gaze palsy that develops in PSP. The spinal cord also 

exhibits degeneration in the nucleus of Onuf, which may explain urinary incontinence seen in 

patients [1 , 29]. Moreover, damage to the frontal lobe can also be seen in PSP causing the 

"prototypic form of subcortical dementia" that encompasses working memory, learning, and 

concept formation deficits [1 , 30-32]. Interestingly, the aforementioned areas that exhibit tau 

accumulation and degeneration are all sites of PPTg innervation, while sites that are not 

innervated by the PPTg do not show signs of degeneration or tau deposits (i.e. hippocampus) [22, 

23 , 24]. 

In addition to tau deposits and degeneration of the PPTg, PSP brains often exhibit enlarged 

ventricles. This effect also differentiates PSP from Parkinson's disease. In studies using patients 

diagnosed with PD or PSP, those with PSP had an enlargement of the whole ventricular system. 

Using MRI imaging, enlargement of the ventricular system aids in distinguishing PD from PSP 

as it can be found in 75-100% of cases [4, 33-37]. 

1.2.0 Pedunculopontine Tegmentum Structure 

The upper brainstem structure pedunculopontine tegmentum, PPTg, has been evolutionarily 

conserved and across many vertebrates from lampreys to humans [38]. It is a heterogeneous 

structure that is comprised of three neuronal subtypes with various projections and functions: 

GABAergic, glutamatergic, and cholinergic. The most clearly identifiable neuronal subtype are 

the cholinergic neurons [39]. The boundaries of the PPTg are defined by the cholinergic neurons 

with the densest clusters in the posterior PPTg that extend into the anterior PPTg [38]. 

GABAergic and glutamatergic neurons have a different and less defined array, in which they are 
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interdigitated with the cholinergic neurons but are also located adjacent to them [39]. However, 

the distribution and functions of GABAergic and glutamatergic neurons are not as clearly 

understood as cholinergic neurons. 

1.2.1 PPTg Projections 

The PPTg consists of ascending and descending projections that have widespread targets 

throughout the cortex and spinal cord (Fig. 1 ). Cholinergic neurons specifically, have a 

Figure 1: Projections of the PPTg. The PPTg has a wide range of projections that innervate many sites 
throughout the brain. The PPTg and the adjacent structure Laterodorsal tegmentum, LDTg, (not shown) are the 
only sources ofacetylcholine (ACh) to the SN. The PPTg is also one of the major sources of ACh to the 
thalamus. 

distinctive pattern of connectivity in which each cell body gives rise to multiple collaterals that 

then project over a considerable distance [38, 40, 41]. Descending projections can innervate the 

spinal cord, while ascending collaterals can be split to project via the dorsal stream or the ventral 

stream. Innervation via dorsal stream can lead to the superior and inferior colliculus (SC, IC), 

centrolateral thalamus (CL), or striatum, among others [38]. Axons projecting via ventral stream 

can lead to the substantia nigra pars compacta and pars reticulate (SNc, SNr), subthalamic 

nucleus (STN), or ventral tegmental area (VTA), among others [38, 42]. 
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Furthermore, cholinergic PPTg neurons are topographically organized. Rostral PPTg neurons are 

more likely to innervate motor-related circuits such as the SNc, whereas the caudal PPTg axonal 

trajectories innervate limbic as well as motor-related circuits. The adjacent structure laterodorsal 

tegmentum (LDTg) innervates just limbic-related circuits such as VTA [38]. 

The PPTg and LDTg provide the majority of acetylcholine (ACh) to the thalamus, with the only 

other input coming from the forebrain structure nucleus basalis ofMeynert. Moreover, the PPTg 

and LDTg provide the only sources of ACh to SN and VTA dopaminergic neurons [42, 43]. 

In addition to widespread projection sites, the PPTg also receives polymodal sensory input from 

many sites. These include SC, IC, SN, and auditory cortex. [39, 44]. Input from these areas to the 

PPTg allow it to integrate incoming sensory information with a motor output. The PPTg also has 

reciprocal connections with basal ganglia output structures such as globus pallidus (GP), SNr, 

and STN [39]. Due to the complex network of connections, the PPTg is often referred to as an 

interface between basal ganglia and motor systems [39-41]. Based on its anatomical location, 

incoming sensory information, and its many projections sites throughout the brain the PPTg can 

be implicated in a wide range of behaviors. 

1.2.3 PPTg Functions 

Previous literature has emphasized REM sleep as a function of the PPTg [ 45 , 46]. However, 

more recent studies have changed how the PPTg is viewed. There is still some debate over the 

classification of PPTg functions- motor, sensory, or integrative. However, the PPTg possesses 

many attributes that don' t categorize it into a single class of functions. 

Since the PPTg receives sensory input as well as connections with motor pathways, it is able to 

modulate a wide range of behaviors. For example, the acoustic startle reflex (ASR) is mediated, 
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in part, by the cholinergic neurons of the PPT g [ 44, 4 7]. Incoming sensory information received 

by the PPTg elicits a motor response by activating nucleus reticularis pontis caudalis (PnC) 

neurons [ 44, 49]. Additionally, inputs to the PPTg from other pathways may result in activation 

of projections to different motor pathways (such as the SNc) [50]. This suggests the PPTg is able 

to modulate different motor response pathways depending on where sensory input is coming 

from, allowing it to facilitate a variety of actions. 

1.2.4 Previous PPTg Lesion Studies- Cognitive Impairments 

The PPTg is anatomically situated perfectly in the brainstem to act as a gatekeeper to the basal 

ganglia and mediate sensory input to those areas. For example, input to midbrain dopaminergic 

structures makes it an important mediator for learning and action-outcome associations. In 

studies where non-selective PPTg lesions were done, animals had an impairment in tasks that 

had an associative component [ 51]. When PPTg-lesioned rats were trained to lever press for 

intravenous self-administration of amphetamine prior to lesion, lever pressing to earn rewards 

was unaffected. However, if rats were trained post-operatively, the acquisition curve was 

significantly attenuated. This suggests an intact PPTg is required when forming associations, but 

not when associations have already been established [52]. Furthermore, studies in which the 

lesion is restricted to the posterior PPTg also impaired updating action-outcome associations but 

not previously learned associations. From this, it is suggested that non-selective lesions of the 

posterior PPTg results in altered regulation of dopamine neurons within the VTA impairs the 

formation of action-outcome associations [ 51]. In addition to learning impairments, a disrupted 

PPTg has also been shown to cause attentional deficits. Studies that used excitotoxic lesions of 

the PPTg, found animals to have impairments in tests of sustained attention that was not 
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attributed to motor deficits or simple sensory processing deficits [53 , 54]. Specifically, when rats 

have selective cholinergic lesions, they have significant impairments in attention paradigms such 

as the 5-Choice Serial Reaction Time Task (5-CSRTT), suggesting the PPTg cholinergic neurons 

play a role in sustained attention [55]. These studies support the hypothesis that there are 

functional connections between the PPTg and frontal systems that play a role in learning and 

attention, and this effect is mediated, in part, by the cholinergic neurons. 

1.2.5 Previous PPTg Lesion Studies-Motor Impairments 

In lesion studies that used non-selective methods (all neuronal subtypes, GABAergic, 

glutamatergic, and cholinergic killed), numerous motor deficits arose that gave insight to the 

implications of the PPTg in the motor pathways. Non-selective lesions produced gait deficits on 

the accelerating rotarad as well as motor sequencing deficits in the pasta handling test [ 48]. In 

addition to these deficits, animals with non-selective lesions had an impaired prepulse inhibition 

(PPI) while maintaining an intact ASR [ 44, 4 7]. Interestingly, when cholinergic neurons are 

specifically lesioned, animals show a significantly impaired ASR, but an intact PPI [ 4 7]. 

Furthermore, cholinergic lesions did not produce deficits in the pasta handling test as non

specific lesions did [ 48]. From these studies, it is believed that the cholinergic neurons are 

important for ASR, but not PPI, and a more generalized damage to the PPTg results in the motor 

sequencing deficits seen in pasta handling. 

In a long term cholinergic lesion study in which rats were allowed to live up to 14 months post

lesion, even more motor deficits became apparent over time. Subjected to a variety of motor 

tasks, rats had pronounced motor sequencing and gait deficits along with a severely reduced 

startle reflex. Even though the lesions in this study were restricted to cholinergic neurons of the 
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PPTg, 14 months post-surgery, histology showed significant dopaminergic loss of the SN 

indicating the spread of degeneration along PPTg projections (Ljungberg, unpublished). 

Lesion studies indicate the importance of the PPTg in motor pathways and disruption of PPTg 

projections leads to motor deficits that become more robust over time. Furthermore, damage to 

the cholinergic PPTg ablates the only cholinergic innervation to the SN, eventually propagating 

neuronal degeneration, potentially causing even more pronounced motor deficits. 

1.3.0 Proposed PSP Model 

Currently, there is no treatment or cure available for those diagnosed with PSP. With resistance 

to dopaminergic replacement therapy, patients are left with speech, occupational, and physical 

therapies as their only form of treatment. Drug discovery efforts are hindered by the lack of a 

preclinical animal model that mimics key attributes of the disease. Animal models that exist 

currently are models of tauopathies and are not specific for PSP. These models may result in the 

presence of tau in areas not affected in PSP (i.e. Hippocampus), they may lack the severe 

degeneration of the PPTg found in PSP, or they may use a tau isoform not found in PSP. Other 

models using lesioning techniques of the PPTg may give similar motor deficits but are missing 

the pathology aspect of PSP [56-59]. These models may provide a basis for novel 

pharmacological therapies that alleviate specific symptoms or attempt to slow the spread of 

pathological tau, but they do not provide a model that encompasses all symptoms and pathology 

of the disease concurrently. 

Our aim is to create a model that mirrors symptomology of PSP as well as pathology 

collectively. Pathologically, PSP exhibits severe degeneration of the PPTg with heavy deposits 

of tau in addition to the tau aggregates found in areas throughout the brain. Since many sites that 
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exhibit tau accumulation overlap with PPTg projections, our lab believes that the PPTg is an 

early node in PSP disease progression. To recreate a pattern of pathology similar to PSP, we 

injected replication incompetent virally mediated tau, using the adeno associated virus (AA V) 

and the human tau isoform seen in PSP (1N4R), into the PPTg of ChAT-Cre rats to selectively 

target the cholinergic neurons. We hypothesize injecting the human tau isoform will eventually 

progresses to pathological tau. Over time, tau should aggregate within the cholinergic neurons 

and result in degeneration that eventually propagates to other neuron subtypes within the PPTg. 

Furthermore, pathological tau should spread along PPTg projections and cause similar 

degeneration at distal sites. This pattern of pathology could, potentially, give rise to the 

symptomology seen in PSP patients including: ASR deficit, motor sequencing deficits, gait 

disturbances, increased anxiety and apathy, as well as working memory deficits. 

Chapter 2: Methods 

2.1.0 Animals 

Female wild type (WT) Long Evans rats were purchased from Charles River Laboratories and 

bred with transgenic male hemizygous rats expressing Cre recombinase in cholinergic neurons 

(LE-Tg(ChAT-Cre)5.1Deis; Rat Resource & Research Center, Columbia, MO, USA). Upon 

genotyping after weaning, only those expressing Cre recombinase could be used in surgeries. 

Some Cre+ females were set aside to continue the breeding colony with WT males. After 

surgery, rats were single housed in plastic cages with water ad libitum and free access to 

standard lab chow while under a 12 hour light/dark cycle. At the time of surgery, rats were 

between 250-350 grams in weight and at least 9 weeks of age. Post-surgery, once male rats 

reached 450g, they were placed on food restriction to maintain that weight, and female rats were 



placed on food restriction once 300g was reached. Food restriction was needed to prevent the rats 

from gaining too much weight where their behavior would be affected. All experiments were 

approved by the Institutional Animal Care and Use Committee (IACUC) of the State University 

ofNew York at Buffalo and conducted in accordance with the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory animals. 

2.2.0 Stereotaxic Surgeries 

Rats were given buprenorphine (0.05 mL, s.c.) as a pre-operative analgesic before being 

anesthetized using a ketamine (l00mg/kg) plus Xylaxine (l0mg/kg) mixture (i.p.). Once 

anesthetized, rats were secured into a stereotaxic frame (Stoelting Co., Wood Dale, IL, USA). 

An incision was made down the midline of the skull and the stereotaxic coordinates for the 

anterior and posterior PPTg and/or centrolateral thalamic nucleus (CL) were located on either 

hemisphere of the brain based on the interaural line and Bregma according to the Rat Brain Atlas 

by Paxinos & Watson 2006. Coordinates for optimization surgeries were: anterior-posterior (AP) 

of+1.1 from IAL; medial-lateral (ML) of 1.8 from midline; depth (DV) of -6.5 from dura were 

used for the anterior PPTg, and anterior-posterior of +0.2 from IAL; medial-lateral 1. 7; depth of -

6.3 from dura were used for posterior PPTg. Coordinates anterior-posterior of -2.6 from Bregma; 

medial-lateral 1.6 from midline; depth of -5 .3 from dura were used for anterior CL and 

coordinates anterior-posterior of -3 .6 from Bregma; medial-lateral 1.3 from midline; depth of -

5.9 from dura were used for posterior CL. Optimization surgeries attempted various coordinates 

unilaterally to improve upon previous efforts of targeting cholinergic neurons. Once these 

coordinates were optimized, they were used bilaterally when injecting virally mediated tau. 

Injection of virally mediated tau required 8 injection sites on each hemisphere as determined by 
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optimization surgeries: anterior, medial, lateral, and 

two posterior PPTg sites, as well as anterior, middle, 

and posterior CL (Fig. 2). Coordinates for tau 

surgeries are (written as AP, ML, DV): (+1.9, ± 1.4, -

7.6), (+1.4, ± 2.0, -7.3), (+1.1 , ± 1.8, -6.5), (+0.8, ± 
Figure 2: Injection Sites for Tau Surgeries. 
Tau surgeries consisted of three bilateral 
injections in the CL, and five bilateral 

1.7, -6.5), (+0.2, ± 1.7, -6.3), (-3.5 , ± 1.2, -5.6), (-3.8 , injections in the PPTg. 

± 1.2, -5.1), and (-4.0, ± 1.2, -5.4). Holes were drilled through the skull aligning with the 

aforementioned coordinates. A syringe (Hamilton Company, Reno, NV, USA) was inserted and 

adjusted to the correct depth following the previously cited coordinates. Once in place, the 

syringe was used to inject 1 ul of virally mediated tau or virally mediated GFP ( as a control) into 

each injection site (- 0.3ul injected per minute) and kept in place for up to five minutes to allow 

maximum diffusion from the syringe. The incision was then closed using surgical staples. Post

operative treatment consisted oflactated ringers (6 ml, s.c.) as well as Baytril (0.1 ml, s.c.). All 

animals were placed under a heat lamp and observed until they were awake, at which time they 

received another dose ofbuprenorphine. For two additional days post-operatively, rats were 

given Baytril (0.1 mL, s.c.) and buprenorphine (2x day of 0.05 mL, s.c.). 

For optimization surgeries, different viral serotypes of the adeno associated virus (AAV) were 

tested using GFP. These included AAVl , AAV2, and AAV5. AAVl was found to be the best for 

targeting cholinergic neurons of the PPTg, thus was used for tau surgeries. The AAVl serotype 

is capable ofretrograde transport so it was injected into the thalamus to create a retrograde effect 

resulting in more PPTg cholinergic expression [60-63]. The AAV virus contained GFP (as a 

control) or tau (human tau in the 1N4R isoform seen in PSP) in a double inverted open reading 
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frame so that when it is exposed to AAVl-tau
j L~T'\ PGKpromotor •)♦ n~1J.Mu~wn411tN1 ?;I WPRE Nb~! 

".1 
".lac2722 1011P 1Dl1272l l0Ji:P lCre, GFP or tau is flipped and ~ OtO t ..,ltctl ~ 

♦ + Cre 

, l ii , PGKpromotor .~ 1N4RhumanWT tau • 'll'PRE Pot,IA R-IT~ J_ Jinverted so it can then be 1 

expressed (Fig. 3). 

PRF, medulla, 
8aSJ1 forebnln; Spino! co,J 

lateral hypothalamus 

Figure 3: AAVl Mediated Tau Expression. AAVl mediated tau 
or GFP (as a control) was injected into the thalamus to create 
retrograde travel to the PPTg, as well as the PPTg. 

2.3.0 Histology 

Four weeks after optimization surgeries, rats were deeply anesthetized using sodium 

pentobarbital (Fatal Plus; Vortech Pharmaceuticals) then transcardially perfused with phosphate 

buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB). The 

brains were removed and stored at 4°C in 4% paraformaldehyde for 24 hours then switched to a 

20% sucrose solution in 0.1 M PB solution. By means of a freezing cryostat (Leica), brains were 

mounted with tissue-tech and parallel I :6 sections were cut through the mesopontine tegmentum 

at 50 µM . These sections were immunohistochemically labeled for: (1) choline acetyltransferase 

(ChAT) using rabbit serum and a goat anti-ChAT polyclonal primary antibody (EMD Millipore 

Cat# AB144P-1ML, RRID:AB_262156; Millipore Corporation, Billerica, MA, USA), a rabbit 

raised anti-goat IgG secondary antibody and avidin-biotin complex, both from an anti-goat 

Vector Laboratories Elite ABC kit (Vector Laboratories Inc. , Burlingame, CA, USA), and (2) 

GFP using goat serum and a mouse anti-GFP monoclonal primary antibody (Rockland antibodies 

& assays Cat #600-301-215S; Limerick, PA, USA), a horse raised anti-mouse IgG secondary 

antibody and avidin-biotin complex, both from an anti-mouse Vector Laboratories Elite ABC kit 

(Vector Laboratories Inc. , Burlingame, CA, USA). All slices were then exposed to a 10% 3-
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3 'diaminobenzidine (DAB) peroxidase substrate (Vector Laboratories) in tris for approximately 

seven minutes. The stained slices were mounted on Superfrost Plus slides and cover-slipped with 

DPX. 

2.4.0 Neuron Counting 

The slides containing the immunohistochemically processed brain slices were photographed with 

a digital camera under a light microscope. Images were matched to their respective coronal 

section in the brain atlas. Cholinergic neurons and those expressing GFP were quantified using 

the ImageJ software (ImageJ, US National Institutes of Health, Bethesda, MD USA). Individual 

ChAT+ and/or GFP+ cells were marked and counted with a cell counter plug-in, where partial 

neurons were excluded. 

2. 5. 0 Experimental Timeline 

Tau surgeries began once ChAT-Cre rats were nine weeks of age. In this study, we had two 

cohorts. The first cohort consisted of 15 animals with GFP n=7 (5 male, 2 female) and tau n=8 (4 

male, 4 female). The second cohort consisted of 31 animals with GFP n=15 (8 male, 7 female) 

and tau n=16 (9 male, 7 female). Each testing period spanned one week with operant training 

continuously ongoing. One behavioral test was done per day (in addition to operant) in the order: 

ASR, marble burying, locomotion, horizontal ladder, vertical descent paradigm, hole board, and 

hindlimb clasping. There were three testing periods for each cohort included in data analysis : 

four weeks post-surgery, eight weeks post-surgery, and 14 weeks post-surgery. For analysis, 

cohorts are combined together for the same testing periods. 
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2. 6. 0 Acoustic Startle Reflex 

Acoustic startle reflex (ASR) was tested in Kinder-Scientific startle chambers (Poway, CA, 

USA) with each test chamber comprised of a rat restraint mounted on a load cell ( calibrated in 

Newtons) situated directly beneath a loudspeaker. Within a custom 25 minute 88 trial program, 

ASR, pre-pulse inhibition (PPI), and habituation to a repeated stimulus were assessed. Each 

program began with a five minute acclimatization period. Throughout the trial, continuous white 

background noise was played at 65dB. To calculate ASR, nine separate stimuli at 120dB for 

40ms played randomly throughout the PPI program were averaged together. PPI consisted of a 

weak stimulus played 120ms before a strong 120dB (40ms) stimulus. PPI was assessed at 70, 75 , 

80, and 85dB. Habituation trials were conducted at the end of the program by repeated 

presentation of a 11 0dB 40ms stimulus separated by 8 seconds. 

2. 7. 0 Locomotor Activity 

All animals were subjected to a spontaneous locomotion test using an open field paradigm. This 

was conducted using 8 clear 40 x 40 cm plexiglass chambers placed inside an infrared locomotor 

capture apparatus (OMNITECH Electronics, Columbus, OH, USA). A software was used that is 

able to track location and movements of the animal. Rats were moved to a novel testing location 

45 minutes prior to testing. Once placed in the testing chamber, rats were left undisturbed for 60 

minutes. Data was generated by software to give: total distance traveled ( cm traveled by the 

center of the rat's body), number ofrearing episodes, and the total rest time. Each 60 minute 

session was analyzed as the entire 60 minutes as well as bins of 5 minutes. 
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2.8.0 Horizontal Ladder 

Horizontal ladder consisted of two conditions : full rung 

A 
and half rung. Each condition had to be completed three 

times. The full condition was a 6.4 cm wide ladder with 

evenly spaced rungs every 6.3 cm. The half condition 

was also 6.4 cm wide with every other rung removed 

leaving them 13 . 7 cm apart. In each condition, the 

ladder was placed on a stack of five homecages, with 

the top homecages containing normal bedding, 107 cm Figure 4: Horizontal Ladder A) Full 
condition- all rungs are present and 

apart (Fig. 4a-b). spaced 6.3 cm apart. B) Half condition
every other rung is removed so they are 
spaced 13. 7 cm apart. Testing was done in a room novel to the rats . Forty-five 

minutes prior to testing, rats were moved to the testing room to acclimatize to testing conditions. 

Rats were tested on the full condition followed by the half condition. To begin testing, rats were 

placed perpendicular to the ladder in the center between the two homecages and were allowed to 

choose which direction to go. The experimenter suspended the animal by its tail and placed it so 

their front paws were on the ladder. The experimenter released the animal once their hindpaws 

were on the ladder (able to balance on their own) and/or once a direction was chosen by the rat. 

A run was completed once the animal entered either of the homecages. Each run was done 

immediately following the previous with no time between. If a rat did not enter a homecage 

within a maximum time of five minutes, they were removed from the condition. In the event of 

falling off the ladder, that run was not considered complete and were still required to complete 

three runs. 
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Video recordings were hand scored for every run on each condition and the following was 

measured: number of front paw steps, number of front paw slips, number of rear paw steps, 

number of rear paw slips, time from when placed on the ladder to the initial tum in deciding a 

direction, time from when placed on the ladder to the homecage (endpoint), and time from when 

placed on the ladder to entering the homecage. A slip is defined as any time a front or rear paw 

was placed on the ladder and slips off, or when the rat intends to place its paw on the ladder and 

instead the paw falls through the rungs. Steps and slips were measured from the time a rat was 

placed on the ladder to the first endpoint and analyzed as the average number over the number of 

runs that were completed. 

2. 9. 0 Vertical Descent Paradigm 

The vertical descent paradigm was designed to look for more specific motor sequencing deficits. 

The goal of this test was for the animal to enter its homecage from an elevated position. 

This paradigm was comprised of four levels. Level one consisted of four homecages stacked up 

to a clear 40cm x 40cm plexiglass box with one side open on a raised platform (Fig. 5a). The 

missing side of the plexiglass box was facing outwards with their homecage flush with the edge. 

At this level, the distance from the floor of the start box to the bedding of their homecage is 9 

cm. With each level, one of the empty cages was removed to make the distance into their 

A B homecage 18 cm, 27 

cm, and 36 cm as 

level 2, 3, and 4, 

respectively (Fig. 

Figure 5: Vertical Descent Paradigm. A) Level 1- distance into th 5b).e homecage is 
9cm. B) Level 4- distance into homecage is 36 cm. 
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Beginning with level 1, to start the trial, the animal is placed in the clear plexiglass box facing 

the comer away from the homecage. Each level is completed when the animal enters its 

homecage. Similar to horizontal ladder, each level was given a maximum time of five minutes. If 

the animal did not enter its homecage within five minutes, none of the following levels were 

tested. Upon scoring, each animal was timed for entering the homecage on each level. Each 

animal was video captured and later hand scored for each level for abnormal entries. Different 

abnormal entries include: slipping into cage, jumping and missing the cage, falling into cage, 

flipping into cage, etc. Each level was scored for abnormal entries with normal entries assigned a 

numerical value of O and abnormal entries assigned a numerical value of 1, with a Chi-square 

analysis for abnormal entries. 

2.10. 0 Hindlimb Clasping 

The hindlimb clasping test was used to look at hindlimb reflexes. When suspended by the tail, a 

rat will normally extend both hindlimbs A B 

outward and in a symmetrical fashion 

(Fig. 6a). Each rat was suspended by the 

tail above their homecage for several 

seconds and video recorded for hindlimb 

abnormalities. Abnormal hindlimbs 

include: one hindlimb retracted toward 

abdomen with the other splayed outward, 

both hindlimbs retracted towards body, Figure 6: Hindlimb Clasping. A) Normal reflex
hindlimbs are splayed up and outward symmetrically. B) 

hindlimbs crossing, one hindlimb 
Abnormal reflex- hindlimbs are drooping and asymmetrical. 
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immobile, or asymmetrical splaying outward (Fig. 6b). Each hindlimb was scored for 

abnormalities with normal hindlimbs assigned a numerical value of Oand abnormal hindlimbs 

assigned a numerical value of 1 and analyzed using Chi-square analysis. 

2.11.0 Marble Burying 

Marble burying was conducted in a novel 45cm x 22cm homecage with two inches of corncob 

bedding and fifteen 25mm marbles evenly spaced in three rows of five on top of the bedding. 

Forty-five minutes prior to testing, rats were moved to a novel testing room to acclimatize. Rats 

were placed in the cages for 30 minutes and left undisturbed. After 30 minutes, photos were 

taken of the cages with the buried marbles. Upon scoring, if more than 2/3 of the marble was 

below the corncob bedding, it was considered buried. 

2.12.0 Hole Board Test 

The hole board test consisted of a clear 39 .4cm x 50cm box with two black floors. The first floor 

had 12 holes evenly spaced in three rows of four. Male rats used holes with a diameter of 3.8 cm, 

while females used holes with a diameter of 2.5 cm. The subfloor was solid black plastic situated 

5 cm below the holes. Each hole board apparatus was situated inside an infrared locomotion 

capture apparatus (OMNITECH Electronics, Columbus, OH, USA). In this test, the number of 

times an animal dipped its head through the holes was measured. This paradigm was designed to 

look at an animal ' s exploratory behavior and escape response by using the number of head-dips 

[ 64-66]. A head-dip is only counted when the animal puts their head into a hole to the level of 

their ears so that they break infrared beams situated just below the holes. 
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At the start of the test, the animal is placed in the apparatus facing the comer and then left 

undisturbed for 20 minutes. Using a software that captures the breaking of infrared beams, zone 

entries can be extrapolated to give the number ofhead-dips in each hole. Each animal was also 

video recorded and hand scored for head-dips to validate the infrared beam breaks captured by 

the software. Animals that escaped by climbing out of the box or were able to fit their full body 

through the holes (so they were walking on the subfloor) were removed from the analysis. 

2.13.0 Operant Paradigm 

An operant paradigm was designed to test for any cognitive or working memory deficits in the 

tau animals. The paradigm uses a 60 minute session with two different auditory cues to indicate 

the correct lever response to receive reward pellets (Dustless precision pellets 45 mg, rodent 

grain-based diet; BioServ Corporation, San Diego, CA, USA). 

Rats were first exposed to reward pellets in their homecages (- 25 pellets) for two days leading 

up to being placed in the operant chamber. During the following two days, rats were given free 

access to pellets in the reward magazine in the sound attenuated operant chamber (Med 

Associates Inc. , Fairfax, VT, USA) for 40 minutes. At this time, no levers were available and no 

tones were played. Following this exposure, the next day rats began lever training. The program 

began with discrimination training in which one was lever available to press paired with an 

auditory tone for a 60 minute session. Training began on an FRI (fixed ratio) schedule of 

reinforcement and the lever/tone being trained was alternated each session, with one session per 

day. The auditory cues consisted of a continuous tone (paired with the left lever) or a clicking 

chain (paired with the right lever). Once rats earn more than 70 rewards in two sessions, they are 

moved to an FR3 schedule. Similarly, once they earn more than 60 rewards in two sessions, they 
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are moved to an RR5 ( random ratio) schedule of reinforcement in which each lever press has a 

one in five chance of earning a reward. Once a stable level of performance is reached at RR5 

( consistent performance on both levers with no apparent side biases), they were put through two 

days of testing. Training typically took 3-4 weeks before animals were ready for testing. Testing 

consisted of two sessions on an RR5 schedule. The first day tested the right lever, the second day 

tested the left lever. In the testing phase, both levers are available with the auditory cue 

indicating the correct lever to earn rewards. 

After this two day testing period, rats were put back into discrimination training on an RR5 

schedule, but both levers were trained in one session. In this training phase, only one lever and 

tone was available at one time, but the levers/tones switched 30 minutes through the session. 

Starting lever was alternated each day of training. Similar to the first phase of training, two 

testing days were done once a stable level of performance was reached. These test days ( opposite 

starting levers/tones) consisted of both levers present and the tone indicating the correct response 

with a side switch of 30 minutes through the session. Following these testing days, rats were 

placed back into discrimination training to learn 15 minute side switches. Again, once a stable 

level of performance was reached, rats were tested for two more days similar to the previous 

testing days (Fig. 7). 

J-~ Discrimination Discrimination Discrimination Discrimination 
Training Training Training Training--"'--'~ - ~ 

Pellet exposure One lever per session One lever per session Both levers per session Both levers per session 

30 min side switch 15 min side switch 

FR1 ➔ FR3 FR3 ➔ RR5 

RRS RRS 

Figure 7: Operant Paradigm Timeline. Rats were given exposure to reward pellets before being put into 
discrimination training. Training began with one lever per session, eventually leading to a 15 minute side 
switch. Between each discrimination training phase, there were two testing sessions to determine if animals 
were associating the auditory cue with a lever. 

After testing of 15 minute side switches, rats were put through a reversal testing session. In this 

session, the tone that was previously paired with one lever is now paired with the opposite lever 
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(i.e. tone previously paired with left lever is now paired with right lever). This reversal testing 

session sought to determine how long it took tau rats to relearn the task upon contingency 

changes. 

Chapter 3: Results 

3.1.0 ChAT+ & GFP Histology- Optimization Surgeries 

Building upon previous efforts, a series of optimization surgeries were done in an attempt to 

target the maximum amount of PPTg cholinergic neurons. Optimization surgeries consisted of 

injecting virally mediated GFP using different AAV serotypes unilaterally to determine the best 

serotype for this brain region. From optimization surgeries, analysis of ChAT stained sections of 

the PPTg revealed any cytotoxicity from the viral serotype or GFP (to be used as a control). 

Cytotoxicity from the viral serotype or a foreign protein is not ideal when creating a model of 

disease progression over time. Cell death should be a result of pathological tau accumulation and 

spread. 

ChAT+ counts in PPTg sections from brains injected with AA V5-GFP serotype showed 

approximately 50% cholinergic neuron loss (not shown). Those injected with AAV2-GFP or 

AAVl-GFP had minimal cholinergic neuron loss. 
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Analysis of GFP stained sections of the PPTg gave insight to how effective the viral serotype is 

at transfecting the cholinergic neurons. The animals injected with the AA V2 serotype only gave 

partial (50%) GFP expression in the PPTg (Fig. 8a). Those injected with the AA VI serotype 

resulted in approximately 80% GFP expression in cholinergic neurons without cytotoxicity (Fig. 

8b). A B 

Figure 8: ChAT & GFP Histology from Optimization Surgeries. A) Stain for GFP from 
AAV2 serotype showing only partial GFP expression. B) Stain for GFP from AAVl serotype 
showing - 80% GFP expression. 

From the optimization surgeries, AAVI gave the best GFP expression in the cholinergic PPTg 

without cytotoxicity, and determined to be the best serotype to use when attempting to target 

PPTg cholinergic neurons. Since AAVI is capable ofretrograde transport, and that it is believed 

all cholinergic neurons of the PPTg send an axon to the thalamus, AAVI is able to be injected 

into the thalamus to enhance expression oftau/GFP in the PPTg. AAVI mediated tau or AAVI 

mediated GFP (used as a control) was used for all surgeries in animals going forward. 

3.2.0 Acoustic Startle Reflex 

Four weeks post-surgery, rats injected with AAVI mediated tau, referred to throughout as "tau 

rats", showed a significantly reduced startle (Fig. 9; two-way RM ANOV A) compared to rats 

injected with the control virus, AAVI mediated GFP, referred to as "GFP rats." The startle 
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magnitude was calculated by averaging Average Startle 
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8 CJ Tau 
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:ii:: 4The reduced startle magnitude in tau rats 
~ GFP vs Tau... 
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indid not diminish over time. Eight weeks 

0 
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Figure 9: Acoustic Startle Reflex. Rats injected with GFP 
surgery, tau rats still exhibit a significantly (n=22) and those injected with tau (n=24) . Tau rats had a 

significantly reduced startle 4 weeks post-surgery (p<0.01) 
reduced startle (Fig. 9). These results are that did not diminish 8 weeks or 14 weeks post-surgery 

(p<0.001 and p<0.01 respectively). Overall, tau rats have a 
significantly reduced startle magnitude. not normalized to body weight, but there 

are no differences in weight gain between the two groups (not shown). Overall, there was a 

significant difference between GFP and tau animals ' startle magnitude (p<0.001 , two-way RM 

ANOVA). 

3.3.0 Locomotion 

Spontaneous baseline locomotion was tested for 60 minutes to detect possible motor impairments 

such as slowing of movement. The 60 minute test was looked in its entirety, as well as broken 

down into five minute bins for total distance travelled. There were no significant differences in 

spontaneous locomotion between the two groups (Fig. 1 la-c). The total distance travelled in the 

entire 60 minute test, however, there is a trend towards an increase for tau animals at 4 weeks 

post-surgery (Fig. 1ld). Overall, there were no significant differences between GFP treated 

animals and tau treated animals. (F1 ,44= 3.36, p=0.0735 ; two-way RM ANOVA). 
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Figure 11: Locomotor Activity. A) Baseline spontaneous locomotion 4 weeks post-surgery shows no 
differences between control animals (n=22) and tau animals (n=24). B) 8 weeks post-surgery, there are no 
significant differences (GFP n=22, tau n=23) . C) 14 weeks post-surgery, there are no significant differences 
(GFP n=21 , tau n=l9). D) Total distance for entire locomotor session (60 minutes) at 4 weeks, 8 weeks, and 14 
weeks post-surgery. Overall, there are no differences between GFP and tau animals. 
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3.4.0 Horizontal Ladder 

Slips from the horizontal ladder were measured in both the full (rungs spaced 6.3cm apart) and 

half ( every other rung removed, 13 . 7 cm apart) conditions for front and rear paws. Slips were 

recorded from when the rat is placed on the ladder to the first endpoint. The number of slips was 

divided by the number of runs each animal completed to create an average number of slips for 

each animal. 

Four weeks post-surgery, tau animals (n=24) had significantly more slips in the full condition 

(all rungs present) than GFP animals (n=22). In this condition, tau rats had significantly more 

slips in their front paws (Fig. 12a; p<0.001 , two-way RM ANOVA) as well as their rear paws 

(Fig. 12b; p<0.01 , two-way RM ANOVA). Additionally, in the half condition, tau rats had 

significantly more slips in their front paws (Fig. 12c; p<0.01 , two-way RM ANOVA), but no 

differences were seen in the rear paws (Fig. 12d). 

Eight weeks post-surgery, in both the full and half conditions for front or rear paw slips, there 

were no significant differences (Fig. 12a-d). In the 14 week post-srugery testing period, there 

were trends in the full condition for both front and rear paw slips, as well as front and rear paw 

slips in the half condition (Fig. 12a-d). Overall, tau animals had significantly more front paw and 

rear paw slips in the full condition (Fig. 12a-b; p<0.01 , p<0.05 , respectively; two-way RM 

ANOV A). Furthermore, tau animals had overall significanly more front paw and rear paw slips 

on the half condition than GFP animals (Fig. 12 c-d; p<0.001 , p<0.05 , respectively; two-way RM 

ANOVA). 
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Figure 12: Horizontal Ladder Slips Two Months Post-Surgery. A) Full condition, front paw slips shows a 
significant difference at 4 weeks post-surgery, no differences at 8 weeks, and a trend towards increased slips 14 
weeks post-surgery. Overall, there is a significant difference between GFP and tau rats (p<0.01 , two-way RM 
ANOV A). B) Full condition, rear paw slips. Significantly more slips were seen at 4 weeks post-surgery, with 
the same trend at 14 weeks. Overall, tau animals slip more on this condition (p<0.05, two-way RM ANOVA). 
C) Half condition, front paw slips. Tau rats slip significantly more than control rats at 4 weeks post-surgery, 
with similar trends at 8 and 14 weeks. Tau rats, overall, slip significantly more in this condition (p<0.001 , two
way RM ANOV A). D) Half condition, rear paw slips is not significantly different between the two groups, but 
there appears to be a trend towards tau rats slipping more. Over the entire testing period, tau rats slip more 
overall on this condition (p<0.05, two-way RM ANOVA). 

3. 5. 0 Vertical Descent Paradigm 

The vertical descent paradigm was used to determine more potential motor deficits when 

entering a homecage. This test was first designed when our lab anecdotally noticed abnormalities 

when rats with cholinergic lesions were entering homecages from a raised platform. 
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Levels 1 and 2 of the paradigm showed no differences between control and tau animals. It is not 

until the more difficult levels 3 and 4 that animals began to show deficits entering the homecage. 

In the first testing period, four weeks post-surgery, tau animals had significantly more abnormal 

entries into their homecage at level 3 (27 cm drop; not shown; p<0.01 , chi-square test) as well as 

level 4 (36 cm drop; Fig. 13; p<0.01 , chi-square test) . 
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Figure 13: Vertical Descent Paradigm. Tau animals had significantly more abnormal entries than GFP animals 
four weeks post-surgery, (p<0.01 ; chi-square test). This effect was not significant 8 weeks or 14 weeks post
surgery, however, there is a trend towards increased abnormal entries. Overall, tau animals had significantly 
more abnormal entries than GFP animals (F1 ,41=7.19, p=0.0105, two-way RM ANOVA). 

Eight weeks and 14 weeks post-surgery, there were no significant differences in abnormal entries 

for level 4, but there is a trend towards increased abnormal entries in tau animals . Looking at 

abnormal entries for level 4 over the entire experimental timeline, overall, tau animals had 

significantly more abnormal entries than GFP animals (Fig.13; F1 ,41=7.19, p=0.0105; two-way 

RMANOVA). 
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3. 6. 0 Hindlimb Clasping 

Hindlimb clasping was used to look for prominent motor reflex deficits. When suspended by the 

tail, a rat's hindlimbs splay outward symmetrically as a reflex. Anecdotally, a deficit in this 

reflex was seen as soon as one 
Abnormal Hindlimbs 

**** **** week post-surgery in tau rats, but 
100 **** 

80 
- GFP 
CJ Tau was not quantified until four weeks 

- p<0.0001
60 

post-surgery. At this time point, theGFPvs Tau 
40 overall 

20 tau group had a significantly higher 

0 
number of individuals who 

displayed an abnormal hindlimb Figure 14: Abnormal Hindlimbs. Four weeks post-surgery 
approximately 90% of tau animals exhibited an abnormal hindlimb 
reflex while only approximately 15% ofGFP animals exhibited an reflex (p<0.0001 , two-way RM 
abnormality. This effect did not disappear over time with nearly 
100% of tau animals having abnormal hindlimbs at 14 weeks. ANOV A). The abnormalities in tau 

hindlimbs did not disappear over the next two testing periods, with nearly 100% of tau animals 

exhibiting this deficit at 8 and 14 week time points (Fig. 14). Overall, there was a significant 

difference between GFP (n=22) and tau (n=24) animals (p<0.0001 , two-way RM ANOVA). 
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Figure 10: Marble Burying. Four weeks post-surgery, tau rats 
(n=24), buried significantly more marbles than control animals 

towards becoming more robust over (n=22; p<0.01). This effect remained 8 weeks and 14 weeks 
post-surgery (p<0.01 and p<0.0001 respectively) . 
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the eight week and 14 week testing periods. Overall, there is a significant difference between 

GFP and tau animals in the amount of marbles buried (p<0.0001 , two-way RM ANOVA). 

3.8.0 Hole Board Test 

The hole board test was used to determine exploratory behavior seen as head-dips. Four weeks 

post-surgery, tau (n= 17) and GFP (n=18) animals did not show any difference in their head

dipping behavior (Fig.). Eight weeks (GFP n=19, tau n=20) as well as 14 weeks (GFP n=21 , tau 

n=18) post-surgery, there are still no significant differences in head-dipping behavior, but there 

is a trend toward decreased head-dipping in tau animals. Overall, there were no significant 

differences in the number ofhead-dips between the tau and GFP rats (F1 ,42= 3.62, p=0.064; two

way RM ANOV A). 
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Figure 15: Hole Board Test. There were no significant 
differences between tau and GFP animals, but there is a 
trend toward decreased head-dips in tau animals. 
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3. 9. 0 Operant Box Paradigm 

This paradigm was used 
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Figure 16: Testing Sessions Responses. Total number of responses in testing 
phases. Animals were sessions. Days 1 and 2 test one lever for 60 minutes. Days 3 and 4 test a 30 

minute side switch. Days 5 and 6 test a 15 minute side switch. Reversal testing 
switches the tone paired with a lever so that the tone is now paired with the removed due to low 
opposite lever than it was previously. Once 15 minute side switches were tested, 
tau animals showed an increase in total number of responses. 

response rate or side 

biases that could not be corrected (GFP removed n=8, tau removed n=8). Discrimination testing 

days 1 and 2 follow training one lever per session and consist of testing one lever for the entire 

session. Discrimination testing days 3 and 4 follow training a 30 minute side switch. Similarly, 

discrimination testing days 5 and 6 follow training a 15 minute side switch. Reversal testing 

immediately follows testing day 6 (Fig. 7). During discrimination testing sessions, initially, tau 

animals (n=7) had similar response rates to GFP animals (n=7). However, once rats began testing 

with 15 minute side switches ( days 5 and 6), tau animals had an increased response rate and, 

subsequently, increased number ofrewards (Fig. 16; rewards not shown). For testing day 5, tau 

animals had significantly more responses than GFP animals (p<0.05 , t test; Fig. 17a). However, 

this effect was not significant on testing day 6 (Fig. 17b ), but there is a trend towards increased 
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number ofresponses. Looking within session on testing days 5 and 6 (15 minute side switch), 

GFP animals respond at a low rate or stop responding completely halfway through the session 

(Fig. 17c-d). Since GFP animals stop responding, only the first 15 minutes of the testing session 

were analyzed to determine percent correct responses. Within the first 15 minutes of testing days 

5 and 6, there were no differences between GFP and tau animals in percent correct responses 
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Figure 17: Total Responses within Testing Session. A) Testing day 5, 15 minute side switch. Tau animals 
had significantly more responses than GFP animals. B) Testing day 6, 15 minute side switch. Tau animals had 
increased total number of responses, but this effect was not significant (p<0.081). C) Within session, GFP 
animals reduce their response rate or completely stop responding after 30 minutes. Tau animals continue to 
respond throughout the entire 60 minute session. D) Testing day 6, 15 minute side switch. Within session, GFP 
animals reduce response rate while tau animals continue to respond throughout the session. 
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Figure 18: Correct Responses. A) Testing day 5, 15 minute side switch. There are no differences between GFP 
and tau animals in percent correct. B) Testing day 6, 15 minute side switch. There are no differences between 
GFP and tau animals within the first 15 minutes of the session. 

(Fig 18a-b.). Looking at reversal testing (tones paired with opposite lever), similar to the 

previous testing days, tau animals had significantly more number of responses than GFP animals 

(Fig. 19a; p<0.05 , t test) . GFP animals stop responding 30 minutes through the session, while tau 

animals respond for the entire 60 minute session (Fig. 19b). Within the first 15 minutes of the 

session, there are no differences in percent correct between control and tau animals (Fig. 20). 
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Figure 19: Reversal Testing within Session Responses. A) Total responses. Tau animals respond 
significantly more than GFP animals . B) After 30 minutes, GFP animals stop responding while tau animals 
continue to respond for the entire session. 
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Figure 20: Reversal Testing Correct Responses. Within the first 15 minutes of the session, there are no 
differences between control (n=7) and tau (n=7) animals in their correct responses. 

Chapter 4: Discussion 

4.1.0 Summary ofResults 

The purpose of this study was to create an animal model that adequately mimics symptomology 

and pathology of PSP. Using the hypothesis that the cholinergic neurons of the PPTg are an early 

node in disease progression, we designed an animal model that targeted this structure in an effort 

to recreate pathology that would produce symptoms analogous to PSP. 

Using ChAT-Cre rats that only express Cre recombinase in the cholinergic neurons, we were 

able to use virally mediated tau (AA VI-tau in the 1N4R isoform) to specifically target 

cholinergic neurons in the PPTg. We injected AAVl mediated tau (capable ofretrograde 

transport) into the PPT g as well as the thalamus in an effort to maximize tau expression in the 

PPTg. In doing so, as early as four weeks post-surgery, a number of motor deficits were 

apparent. The startle reflex was significantly reduced in tau animals at the initial testing period, 

and did not return. Furthermore, tau animals exhibited more slips on the horizontal ladder, more 

abnormal entries into their homecage, and an abnormal hindlimb reflex; all indicative of motor 
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impairments. Tau animals also exhibited increased anxiety-like behavior in marble burying as 

well as decreased exploratory behavior in head-dipping of the hole board test. In contrast, tau 

animals did not show deficits in relearning the operant task upon contingency changes, indicating 

an intact working memory. With each successive testing period, the deficits observed did not 

diminish, nor did our GFP control animals develop similar deficits. 

Our tau model of PSP attempted to recreate similar pathology that would cause a pattern of 

degeneration that would, in tum, produce similar symptomology seen over the course of disease 

progression. Although histology is pending, we hypothesize that there will be tau accumulation 

with extensive cholinergic depletion in the PPTg. Behavior results thus far support our claim that 

introducing tau pathology produces analogous symptomology. 

4.2.0 Motor Deficits 

4.2.1 Acoustic Startle Reflex & Locomotor Activity 

The significantly reduced startle reflex seen in tau animals (Fig. 9) indicates these animals have a 

substantial loss of cholinergic neurons in the PPTg. Previous studies have shown the loss of 

cholinergic neurons in the PPTg produces an ASR deficit with normal prepulse inhibition (PPI), 

but non-selective lesions to the PPTg produces deficits in PPI with a normal ASR [ 43]. It is 

believed that non-selective lesions of the PPTg may lead to a more generalized loss of neurons, 

with enough cholinergic output spared to project to the caudal pontine reticular formation (PnC) 

to produce the startle reflex. In contrast, the selective loss of cholinergic neurons creates 

disrupted projections to the PnC, thus reducing the ASR. This is in line with what was seen in 

our tau animals. The cholinergic neurons were specifically targeted, which led to a severely 

reduced startle response, while PPI was left intact (not shown). The loss of the startle response in 
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our tau animals, but an intact PPI, indicates the majority of PPTg degeneration is confined to the 

cholinergic neurons. Similarly, in PSP, the PPTg degeneration appears to be selective for 

cholinergic neurons, leaving patients with a severely reduced/absent startle response. In contrast, 

in PD, the neuron loss of the PPTg is more generalized, leaving patients with an intact startle 

reflex, but a deficit in PPL The discrepancies in pathology between PSP and PD creates a 

similar, yet distinguishable difference in symptomology. The symptomology observed in our 

animals closely resembles PSP, and differentiates it from being an animal model of PD. 

Since our aim is to create an animal model of an atypical Parkinsonism, it is important to 

determine if our tau animals have severe motor impairments that would impact more challenging 

tests. From locomotor activity, overall, there were no differences between tau animals or control 

animals, indicating their impairments do not prevent them from overall movement. Tau animals 

four weeks post-surgery, however, show a trend toward increased distance travelled that may be 

attributed to a lack of habituation (Fig. 1la,d). From this, we can determine the tau animals ' 

general locomotion is not impaired, but they may be exhibiting heightened anxiety, resulting in 

more time looking for an escape route, thus, producing an increase in distance travelled. 

Increased spontaneous locomotion was not observed for the following testing periods. 

Spontaneous locomotor activity, however, does not determine if gait disturbances or specific 

motor deficits are present in the animals. Locomotor activity in rodents, which are quadrupeds 

that move low to the ground, is not ideal for determining motor deficits. Our lab has previously 

found this to be the case in non-selective lesions of the PPTg, where rats required specific 

challenges to reveal motor impairments and gait abnormalities. Therefore, in addition to 

spontaneous locomotion, each testing period included more challenging tests to determine gait 

disturbances and/or other motor deficits. 
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4.2.2 Horizontal Ladder, Vertical Descent Paradigm, & Hindlimb Clasping 

The horizontal ladder paradigm was designed to look for more specific gait/motor deficits that 

would not be detected during spontaneous locomotor activity. Four weeks post-surgery, in the 

full condition (all rungs present, 6.3 cm apart), the increased number of slips for both front and 

rear paws in tau animals suggests there is some form of motor deficit present, though it is unclear 

if it is a gait disturbance, motor sequencing deficit, or a different motor impairment (Fig. 12). 

However, with this paradigm, there is a learning component involved. Since each rat has to 

complete three runs on the full condition before they attempt the half condition, they may have 

learned to walk the ladder and enter the homecage successfully in previous runs . This may 

explain why there are no differences noticed in rear paws on the half condition. And if so, the 

deficits observed four weeks post-surgery may be due to a sensorimotor integration deficit, rather 

than truly a pure motor deficit. 

Eight weeks post-surgery, there are no differences in either front/rear paw or full/half condition. 

There is a trend towards more slips in the front and rear paws on the half condition, but this 

effect is not significant. This may be explained by many different factors . Two months post

surgery was the second time the animals were exposed to the ladder, also supporting the 

involvement of learning. If it is not related to the learning component, it is also possible that tau 

animals are now becoming more adjusted to and/or compensating for their gait deficits and, 

therefore, slipping less at this point in time. 

At 14 weeks post-surgery, tau rats exhibited a trend towards increased motor deficits once again. 

They had increased slips on the full condition in both their front and rear paws. Similarly, in the 

half condition, tau animals had more slips in their front paws, as well as rear paws (Fig. 12). 
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Overall, tau animals had significantly more slips than GFP animals in both conditions, full and 

half, for both front and rear paws (Fig. 12). Over the entire 14 week testing period, control 

animals continue to decline their number of slips, further suggesting a learning component is in 

effect. Despite the learning component to this paradigm and/or tau animals becoming 

accustomed to their motor/gait deficits, tau animals exhibited a motor/gait deficit severe enough 

to cause more slips. This suggests tau animals ' motor impairments had become too severe over 

time to compensate for. 

In addition to slips quantified, tau rats displayed strange behaviors during horizontal ladder that 

could not be quantified. For example, tau rats had a variety of abnormal gaits that were distinct 

from control rats. Gait abnormalities that were most apparent included: walking with their body 

very low to the ladder, or walking as if they do not have full range of motion of their hindlimbs. 

Another strange behavior that was observed was tau animals did not appear to want to enter 

either of the homecages on the ladder. They would transverse the ladder multiple times before 

entering one of the cages, or they would spend the entire maximum time (five minutes) walking 

the ladder back and forth, with no apparent differences in time to enter homecage (not shown). It 

appeared as if they were hesitant to enter the cage but the cause remains uncertain. Based on this 

observation and our results from the vertical descent paradigm, we believe this to be a motor 

sequencing deficit. 

Similar to the horizontal ladder, the vertical descent paradigm, was designed to look for motor 

impairments not detected in locomotor activity. This paradigm showed abnormalities in tau 

animals entering their homecages from a raised platform as early as four weeks post-surgery. At 

the most difficult level (level 4, 36cm drop), tau animals displayed a wide range of abnormal 

entries including: uncoordinated jumps into the cage, slipping/falling into the cage, missing the 
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cage altogether, or flipping into the cage. At the first testing period (four weeks post-surgery), 

this effect was seen at level 3 (27cm drop) as well as level 4 (36cm drop). In both 8 week and 14 

week post-surgery testing periods, there were no longer significant differences at the third level, 

but abnormal entries on level 4 were still apparent (Fig. 13). Similar to horizontal ladder, tau 

animals may have become more accustomed to their deficits, so level 3 was not as challenging as 

it was at the 4 weeks post-surgery time point. 

In addition to the motor deficits revealed by the previous paradigms, the significant impairment 

in the hindlimb clasping task is also noteworthy. As a reflex, when a rat is suspended by its tail, 

the hindlimbs will splay up and outward in a symmetrical fashion . The vast majority of our tau 

animals exhibited an abnormality in this reflex. Previous literature has cited abnormalities in this 

reflex in models of Parkinson's disease as well as Huntington' s disease. In these models, a 

hindlimb clasping reflex, similar to our tau animals, appears asymmetrical with one or both 

hindlimbs retracted towards the body. This hindlimb clasping effect was attributed to striatal 

pathology [ 59, 67-71]. Since our animals are exhibiting this abnormal reflex, it is possible 

pathological tau has spread from the PPTg to striatal pathways. Though histology is pending, we 

expect to see the spread of degeneration from the PPTg to the dopaminergic neurons of the SN, 

creating a model of how PSP pathology progresses and how symptomology changes in parallel. 

Based on the results of the vertical descent paradigm in conjunction with horizontal ladder 

results and the presence of hindlimb clasping abnormalities, it is clear there are motor deficits 

present in the tau animals . Previous studies done in our lab that selectively depleted cholinergic 

neurons of the PPTg without the introduction of tau, has produced similar motor deficits as seen 

in our tau animals. However, it took more than a year for any effects to become apparent in rats 

with cholinergic lesions. In those animals, histology revealed degeneration that began in the 
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PPTg eventually spread to the SN (Ljungberg, unpublished). Tau animals began showing motor 

deficits similar to cholinergic lesioned rats as soon as four weeks post-surgery, suggesting our 

tau model has an accelerated pathological progression. Behaviorally, the disturbed gait, motor 

impairments, and reduced/absent startle response exhibited by our animals, closely aligns with 

PSP symptomology. Furthermore, the ASR deficit, as well as abnormalities in hindlimbs 

clasping, implies degeneration in the PPTg has spread to striatal pathways, suggesting the 

pathology will closely mirror PSP upon histological analysis. 

4.3.0 Emotional Deficits 

4.3.1 Marble Burying & Hole Board Test 

PSP patients report higher levels of anxiety, depression, and apathy. The marble burying test is a 

measure of anxiety-like behavior in rats which is mitigated by clinically efficacious anxiolytics. 

Our study found the tau animals buried significantly more marbles than control animals, which 

can be interpreted as increased anxiety and is consistent with PSP symptomology. However, PSP 

patients also exhibit perseverative behavior. In a clinical setting, when given the Wisconsin Card 

Sorting Test (WCST), PSP patients make significantly more perseverative errors [12]. Marble 

burying is mostly used for detecting anxiety-like behaviors, but more recently it has also been 

thought of as a way to measure perseverative behavior in mice or compulsive-like behavior in 

rats [72, 73]. From marble burying alone, it can be difficult to determine if a novel object (the 

marble) is causing the animal an anxiety response, or if the animal is showing 

perseverative/compulsive digging behavior in the bedding resulting in the perception of marbles 

buried. Since there is still some debate over the behavior marble burying is measuring, we also 

tested hole board as a measure of anxiety and/or exploratory behavior. 
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When placed in the hole board apparatus, a rat, under normal conditions, would explore their 

new environment or search for ways to escape by head-dipping through the holes. If a rat shows 

reduced head-dipping behavior, it may suggest a lack of interest in exploring their new 

environment or finding an escape route, potentially indicating increased apathy. However, this 

test can also be used to look at anxiety-like behavior. If a rat shows an increase in head-dipping 

behavior, this may be due to heightened anxiety that spurs the animal to look for an escape route 

through the holes more frequently. Our results show a trend toward decreased head-dipping in 

our tau animals, but this effect was not significant. This trend may suggests tau animals are more 

apathetic than control animals when placed in a new environment. However, this interpretation 

may be at odds with results from the marble burying test. From the marble burying test, tau rats 

appeared to have increased anxiety, as seen in an increase in the number of marbles buried. If tau 

rats were truly apathetic, as suggested by the hole board test, marble burying would reveal no 

differences, or a decrease in the number of marbles buried. In contrast, if tau rats were truly more 

anxious, as suggested by marble burying, the hole board test may show an increase in head

dipping behavior. Ifmarble burying is interpreted as anxiety-like behavior, and the hole board 

test is interpreted as exploratory behavior, our results indicate tau animals have increased anxiety 

in addition to increase apathy. However, if marble burying is interpreted as perseverative 

digging, our results indicate tau animals are exhibiting increased perseverative behavior rather 

than anxiety-like behavior. In both paradigms, there was variation in the number of marbles 

buried or head-dips within the group of tau animals. Some animals buried less marbles than 

average or would exhibit more head-dipping behavior than average. This variation can be 

analogous to the differences in symptoms between patients. Some patients report higher levels of 

anxiety, while others report higher levels of apathy. The variation between tau rats suggest some 
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may be displaying higher levels of anxiety, while others may be displaying higher levels of 

apathy. Furthermore, the variation between tau animals may give insight to how symptomology 

changes over time. Over the course of disease progression, patient symptomology is a dynamic 

process constantly evolving as pathology progresses. With each successive testing period, tau 

rats ' behaviors may be changing in parallel to changing neuropathology as degeneration spreads 

throughout the brain. 

4. 4. 0 Cognitive Deficits 

4.4.1 Operant Box Paradigm 

Many PSP patients exhibit cognitive deficits that worsen as the disease progresses. These include 

deficits in: working memory, planning and execution, verbal fluency, etc. Thus, it was important 

to test for working memory and/or learning deficits in our tau animals. During the testing 

sessions, tau rats did not have any better or worse performance than control rats, indicating they 

were still able to learn the task normally. Upon contingency changes in the reversal testing 

session (tone is paired to the opposite lever it was previously paired with), tau animals were still 

able to relearn the task just as control animals. The results from this paradigm suggest tau 

animals' working memory and learning functions are not impaired. Interestingly, however, tau 

animals responded significantly more than control animals. This effect was not noticed 

immediately, but became more apparent over time. This could be interpreted in multiple ways. 

As mentioned previously, in clinical testing, PSP patients make significantly more perseverative 

errors in cognitive tests. Although there were no differences in correct responding, it is possible 

tau rats are displaying perseverative behavior in lever pressing. However, the increase in lever 

pressing may be a result of altered salience of reward pellets. Due to this increased response rate, 
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tau animals are earning more rewards as a result. Previous studies that used non-selective PPTg 

lesions produced an increase in the salience of the solution rats were given and, subsequently, 

increased consumption [79]. Based on this, it is possible that our tau rats possess cholinergic 

degeneration that has spread to other neuron subtypes of the PPTg, resulting in altered salience 

of the reward pellets. Altered salience may increase tau rats' motivation to earn the reward 

pellets and, in tum, produce an increase in lever pressing. The cause and effect relationship 

between lever presses and rewards remains unclear. Either tau rats could be displaying 

perseverative behavior in lever pressing and earning rewards as a result, or the altered salience of 

reward pellets has increased their motivation to earn the pellets, thus causing them to lever press 

more. 

Even though our tau animals did not have any working memory deficits at this time point, 

cognitive deficits may have become apparent later in model progression. In PSP, the timeline of 

when symptoms first appear is not well defined. Clinically, cognitive decline is often what spurs 

patients to seek medical treatment. It is only after they are diagnosed with PSP that they are 

tested for cognitive deficits. While cognitive decline may be what causes patients to seek help in 

many cases, it is unclear if these deficits happen before or after motor problems arise. In the 

clinic setting, a medical history relies on retrospective reflection of the timeline of symptoms that 

may not be accurate. Patients may attribute early motor symptoms, such as trips and falls , as 

normal age related decline. Similarly, early personality changes such as forgetfulness and 

irritability may also be attributed to normal aging. The ambiguity of what is normal age related 

behavior, versus symptoms of PSP, make it difficult to establish a timeline of symptom 

presentation. Since the timeline of symptomology is unknown, it is possible it is still too early in 

model progression for our tau animals to display cognitive symptoms. Pathologically, 
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degeneration may not be widespread enough at this time point to create a noticeable cognitive 

deficit. 

4. 5. 0 Stereotaxic Microinjections 

Throughout our behavioral tests, we noticed some variability within our tau animals. This 

variability could be explained by a number of reasons. One reason being differences in the 

stereotaxic microinjections from animal to animal. When doing surgeries, due to the size 

difference between male and female rats, coordinates may not be targeting the same portion of 

the PPTg or thalamus in each rat. While we did use multiple injection sites, the different sizes of 

the skull may skew coordinates enough to miss portions of the PPTg. This may lead to different 

pathways expressing tau and, subsequently, different behaviors. In addition to size differences, 

there were difficulties with syringes for some of the surgeries. The syringe would not draw up 

the full volume or may have been bent at a slight angle that went unnoticed initially. This, again, 

would lead to discrepancies in the pathways targeted and create behavioral differences. In the 

future, it would be ideal to optimize coordinates for both male and female rats, as well as 

checking the syringe for malfunctions frequently. 

Within our cohorts, some tau rats maintained their startle reflex over the 14 week testing period. 

However, these animals showed an increase in anxiety-like behavior or other motor deficits. This 

might suggest enough cholinergic neurons were left intact to mediate the startle response, but 

other pathways not related to startle function, still stemming from the PPTg, may have been 

disrupted. In addition to ASR, there was variation reported in marble burying and the hole board 

test. This variation seen within our cohorts, while it may be due to the stereotaxic 

microinjections, also gives us a way to correlate the behaviors we observed with histology upon 
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completion. Histology may also reveal animals with partial cholinergic lesions that would be 

excluded. Exclusion of animals may reduce the variation within our tau animals and, potentially, 

result in trends becoming significantly different. 

4. 6. 0 Future Directions 

The success of our tau model in producing significant motor deficits builds upon a previous 

attempt of creating a PSP model using cholinergic lesions of the PPTg. By using a model that 

incorporated the human tau isoform seen in PSP (1N4R), we produced similar motor 

impairments as those in the cholinergic lesion model. In doing so, we created a more 

comprehensive animal model that recreates symptomology and incorporates the pathology seen 

in PSP. 

In our experimental timeline, animals only lived approximately 20 weeks post-surgery. In order 

to get a more comprehensive view of symptomology and disease progression, it may be 

beneficial to extend the timeline so that the animals live beyond 12 months. This would give 

insight to how impaired the animals could become, or how rapidly the animals would further 

decline. Ifwe allowed them to live for up to a year, we may see tau animals unable to complete 

motor tests such as the horizontal ladder, or easier levels (levels 1 and 2) of the vertical descent 

paradigm. Furthermore, allowing animals to live beyond a year would, theoretically, allow for 

the spreading of pathological tau. Ifpathological tau would spread even further, more motor 

impairments may become apparent and, potentially, model later stages of the disease. If tau were 

able to spread to other areas seen in disease progression (e.g. SN, caudate, globus pallidus, etc.), 

this would also lead to a more comprehensive model of PSP 
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In PSP, one of the clinical hallmarks that distinguishes it from PD is resistance to dopaminergic 

therapies (L-dopa). In both PSP and PD, there is dopaminergic degeneration of the SN, but only 

PD patients respond to L-Dopa treatment. PD patients exhibit a generalized loss of PPTg 

neurons, whereas PSP patients have an extensive loss of the cholinergic neurons. Therefore, it is 

hypothesized that resistance to L-Dopa in PSP stems from the loss of ACh input from the PPTg 

to SN dopamine neurons. At the time of diagnosis, PPTg cholinergic degeneration may have 

been progressing for years, if not decades, prior to treatment. If the loss of ACh input to the SN 

is truly the cause of resistance to L-Dopa, at the time of diagnosis, cholinergic loss may have 

progressed beyond the point where dopamine therapies would be effective. Similarly, if our 

model produced a disease-like state similar to PSP, motor symptomology observed in tau 

animals should not be mitigated by dopamine replacement therapies. If dopamine replacement 

were to alleviate motor impairments, this suggests the loss of PPTg cholinergic input to the SN 

may not be causing resistance to L-Dopa, or it is not yet substantial enough to produce 

resistance. From a drug discovery standpoint, to create analogous PSP symptomology and 

pathology coupled with resistance to L-Dopa, it may be worth considering creating a tauopathy 

model supplemented by a dopamine lesion to the SN. Ablating the cholinergic input from the 

PPTg to the SN, in conjunction with SN dopaminergic loss, should produce similar motor 

deficits with L-Dopa resistance, which can then be used for novel drug treatments that alleviate 

motor symptoms. 

Another PSP symptom, and a hallmark of the disease, is a vertical gaze palsy. Patients are unable 

to voluntarily move their eyes up or down, which is often reported as the most debilitating 

symptom. The vertical gaze palsy is a contributing factor to the frequent trips and falls patients 

endure, and make daily tasks, such as eating and dressing, difficult. Until recently, tracking eye 
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movements of rodents was not feasible . A recent study utilized a small magnet surgically 

implanted on the eye of mice and measured changes in the magnet angle to provide researchers 

with high-resolution tracking of eye movements [74]. If we could implement this technique into 

our tau animals, this would provide us with our tau animals ' eye movements and a possible 

vertical gaze palsy could be detected. Additionally, tracking eye movements has been able to 

provide a window to cognitive functions such as attention, learning and memory, and decision 

making [75-78]. Tracking eye movements in tau rats could, potentially, give details to the rate of 

cognitive decline, when eye movements progress to a gaze palsy, as well as when these deficits 

occur relative to other symptomology, in tum, creating an even more collective model of PSP. 

Additionally, in future experiments, it would be beneficial to include more behavioral paradigms 

to generate a more collective view of the deficits seen in tau animals. There was a plethora of 

anecdotal observations, but we were unsure of how to quantify them. Paradigms such as the 

pasta handling test, or fixed and/or accelerating rotarod could be used to look more in depth at 

motor sequencing, gait, and change of gait, respectively [ 46, 4 7]. To further look into gait 

abnormalities, it would be ideal to have a transparent treadmill with cameras placed underneath 

to view paw placements. Moreover, despite tau animals having an intact working memory, it 

may be worth testing an attentional set shifting paradigm to detect any deficits in learning or 

attention. 

4. 7. 0 Conclusions 

This study aimed to create a suitable preclinical animal model that mimics key symptomology 

and pathology of PSP. Previous efforts have been unable to recreate all symptomology (i.e. 

ASR) or were tauopathy models that are not specific for PSP (i.e. not the 1N4R isoform seen in 
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PSP). Building on the hypothesis that the cholinergic neurons of the PPTg are an early node in 

disease progression, we sought to establish a technique that would begin with cholinergic PPTg 

neurons, and spread to various brain regions over time in a pattern similar to PSP. In doing so, 

we believed recreating the pathology would produce similar symptomology and create a model 

of disease progression over time. Our results, summarized in Table 1, suggests the motor and 

emotional symptomology we have observed would be analogous to PSP deficits. Until histology 

is completed to determine whether we have also mimicked key neuropathology (i.e. cholinergic 

PPTg loss, spread of pathological tau, degradation of structures also degraded in PSP, etc.), we 

cannot say this is a complete model of PSP. However, using this model may be a good starting 

point in drug discovery efforts to alleviate motor or emotional symptoms in patients that are 

given only 6-8 years to live and left with no other treatment options. 

PSP Tau Model 

Reduced/absent startle 
ASR 

Gait deficits + 
Horizontal Ladder 

Motor sequencing deficits + 
Vertical Descent Paradigm 

Anxiety/apathy/depression + 
Marble Burying, Hole Board 

XCognitive deficits 
Operant Paradigm 

PPTg cholinergic loss Pending 

SN dopamine loss Pendi ng 

Enlarged ventricles Pending 

Table 1: Key attributes in creating an animal model of PSP and deficits observed in the tau model. Deficits 

were observed in ASR, horizontal ladder, vertical descent paradigm, and marble burying. To be a complete model of 

PSP, there should also be PPTg cholinergic loss, SN dopamine loss, and enlarged ventricles, all of which are 

pending histology. 
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