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ABSTRACT
THE USE OF AN ANTISENSE OLIGONUCLEOTIDE (ASO) THERAPY TO RESTORE
VESTIBULAR FUNCTION IN THE MOUSE MODEL OF USHER SYNDROME

Tia Nicole Donaldson, M.A.
Department of Psychology
Northern Illinois University, 2018
Douglas G. Wallace, Director
Usher syndrome is an autosomal recessive disorder that results in impaired visual,
auditory and vestibular function. In mouse models, Usher syndrome manifests itself through
abnormal behaviors such as circling, poor auditory brainstem responses, and a decline in
harmonin expression. Animals utilize several sources of information to guide spatial navigation
(e.g., visual cues, vestibular input). Usher syndrome disrupts these essential sensory modalities.
Recent work has demonstrated that an antisense oligonucleotide (ASO) therapy can attenuate the
auditory deficit of Usher syndrome through an increase in harmonin production and correct
splicing. However, it has yet to be determined if this therapy can also rescue vestibular function
and the impaired spatial orientation that is associated with vestibular pathologies.
The current study examines the effect of Usher syndrome and an ASO therapy on the
organization of exploratory movements under dark and light testing conditions. Heterozygous
and mutant Usher mice received an infusion of ASO or a control infusion at postnatal day five.
At two months of age, mouse exploratory behavior was recorded for 50 minutes during three
consecutive dark sessions followed by three consecutive light sessions. Motion capture software
was used to segment the movement paths into progressions and stops, which was utilized to
determine exploratory movement organization. Mutant Usher mice demonstrated irregular
exploratory movements compared to heterozygous mice. The ASO therapy attenuated these

disruptions in exploratory movement organization. These results demonstrate the potential for an
ASO therapy to ameliorate spatial orientation deficits associated with Usher syndrome. Further
research is needed to assess the effectiveness of ASO therapy at different time points following
treatment and to characterize the effects of ASO therapy on neural systems that mediate
exploratory movement organization.
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CHAPTER 1
INTRODUCTION

Having the ability to see, hear, and detect movement within an environment are some of
the most essential sensory processing functions to human life. Usher syndrome (USH) is a
debilitating disorder that affects these senses. In humans, this autosomal recessive disorder is
manifested through symptoms that include a varying degree of vestibular deficits, bilateral
deafness, and visual impairments (Kimberling, Hildebrand, Shearer, Jensen, Halder, Trzupek, &
Smith, 2010; Ouyang et al., 2005; Reiners, Nagel-Wolfrum, Jurgens, Marker, & Wolfrum,
2006). Usher syndrome accounts for three to six percent of all children who are deaf, occurs in
approximately four out of 100,000 births in the United States, and is the leading cause of deafblindness (National Institute on Deafness and Other Communication Disorders [NIDCD], 2017;
Ouyang et al., 2005; Reiners et al., 2006; Yan & Liu, 2010;).
There are three clinical subtypes of Usher syndrome: USH1, USH2, and USH3
(Kimberling et al., 2010, Yan & Liu, 2010). Being the most severe, USH1 includes profound
congenital bilateral deafness, progressive degeneration of vision, and balance problems (Yan &
Liu, 2010). Balance problems are not noticeable at birth but are later observed as a
developmental delay of motor function. Children with USH1 often do not walk unsupported
before 18 months old and have difficulty sitting up without assistance at six months old (Ciuman,
2011; NIDCD, 2008). According to Lenarduzzi et al. (2015), approximately 20-40% of
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all cases of Usher syndrome can be attributed to USH1. Although hearing aids would fail to
correct for the hearing impairments, children who are diagnosed with USH1 may benefit from
cochlear implants (Keats & Savas, 2004; Mathur & Yang, 2015; Yan & Liu, 2010). Several
genetic loci have been identified for USH1 (USH1B-USH1H); each locus of USH1 signifies a
different protein that is dysfunctional (Yan & Liu, 2010). While loci for USH1 can occur within
any demographic, USH1C is unique because it is most prevalent among the French-Acadian
population (Ebermann, Lopez, Bitner-Glindzicz, Brown, Koenekoop, & Bolz, 2007; Keats &
Savas, 2004).
USH2 consists of a range of moderate to severe hearing loss that begins at birth (Reiners
et al., 2006). Night vision begins to decrease during late childhood or during the teenage years.
However, in contrast to USH1, vestibular function is intact. Approximately half of all cases of
Usher syndrome are caused by USH2 (Lenarduzzi et al., 2015). In comparison, USH3 is the
rarest form of Usher syndrome. It is characterized by normal hearing at birth, with progressive
auditory loss beginning during the childhood or within the early teenage years. Vision also varies
in severity. Similar to USH2, vestibular function is usually spared; however, problems may arise
later in life. This type of Usher syndrome is most commonly observed in the Finnish and
Ashkenazi Jewish population (Lenarduzzi et al., 2015). While those suffering from USH2 and
USH3 have all three of the hallmark symptoms of Usher syndrome, these symptoms are not as
debilitating as in USH1.
Although Usher syndrome is genetically complex, researchers have been able to identify
the various genes that are involved in this disorder. So far, there have been approximately 11 loci
identified for Usher syndrome with five known gene mutations that lead to the disorder (Lentz et
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al., 2007; Ouyang et al., 2005). There are 16 loci associated with Usher syndrome: nine for
USH1, three for USH2, two for USH3, and two others not directly linked to a specific subset
(Mathur & Yang, 2015). Each Usher gene is responsible for encoding structurally and
functionally distinct proteins.
There are currently ten genes that are responsible for Usher syndrome; these genes are
correlated to 12 loci (Cosgrove & Zallocchi, 2014). While there are seven known proteins that
are linked to USH1, there is only one protein that is specifically linked to USH1C (Williams,
2008). The USH1C gene codes for a scaffold protein; its main function is to bring other proteins
together so they interact properly (Ahmed, Riazuddin, Riazuddin, & Wilcox, 2003; Reiners et
al., 2006). Improper splicing of this protein interrupts the development of both the auditory and
vestibular system (Cosgrove & Zallocchi, 2014). In the USH1C subtype, the interrupted
synthesis of the protein harmonin is responsible for the degradation of auditory and vestibular
function (Lentz et al., 2013). Harmonin is a protein that is responsible for the development of the
functional hair cells stereocilia (Lentz et al., 2013, Reiners et al., 2006) and is commonly
expressed in the organ of Corti within the inner ear (Reiners et al., 2006). The reduction of
functional hair cells from decreased harmonin expression is associated with hearing loss due to
an interruption created in the transduction of auditory signals.
To obtain a better understanding of Usher syndrome, knock-in mouse models for the
various subtypes of USH1 were created. The USH1C 216A mouse model is analogous to the
human 216A mutation and displays similar characteristics to humans with USH1 (Lentz et al.,
2007). Although retinal degeneration in the form of retinitis pigmentosa (RP) always occurs in
humans, it remains to be determined whether the mouse model of Usher syndrome also expresses
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this impairment. Although the mouse models for USH demonstrate the same severity of hearing
impairments as humans, there is limited evidence to suggest that visual deficits also occur within
these mouse models (Yan & Liu, 2010). These differences between humans and mice may be
attributed to differences in genetic makeup or differences in life span (Reiners et al., 2006, Yan
& Liu, 2010). While this model may not represent the visual impairments seen in human
patients, it sufficiently accounts for the hearing loss associated with Usher syndrome (Lentz et
al., 2013). These knock-in mice exhibit auditory impairments along with profound vestibular
impairments that can be observed in auditory brainstem responses, head tossing and continuous
circling behavior (Lentz et al., 2013). Mice that demonstrate this abnormal behavior observed in
the USH1C model are commonly referred to as deaf circlers (dfcr) (see Reiners et al., 2006;
Williams, 2008). Although the deaf circlers have profound vestibular deficits (as observed in
Lentz et al., 2013), there are currently no in-depth analyses of how these mice orient themselves
in space and move throughout their environment. Therefore, it is important to further
characterize the relationship between the vestibular system and spatial orientation.
There are several USH proteins that are responsible for structure and function of hair
cells within the ear (Reiners et al., 2006; Williams, 2008; Yan & Liu, 2010). These proteins are
associated with the specific mutant models of Usher syndrome (e.g., USH1A, USH1B, USH1C).
In the case of USH1C, there is a lack of the protein harmonin (Lentz et al., 2013; Reiners et al.,
2006; Williams, 2008; Yan & Liu, 2010). Electron microscopy determined that mutant mice
lacking the important USH proteins display abnormalities in both the structure and function of
hair cells (Yan & Liu, 2010). Stereocilia are finger-like projections of hair cells that are housed
within the ear; while the outer hair cells are responsible for receiving and amplifying vibrations,
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the inner hair cells convert mechanical signals into electrical responses (Ciuman, 2011). These
projections are arranged in rows of varying height and are arranged in different shapes depending
on the location. The vestibular hair cells are linear in shape, the inner ear cells are organized in a
crescent shape, and the outer hair cells are organized into a W shape (Figure 1).
Mechanotransduction, the ability to transduce mechanical energy into action potentials, is an
essential property for hair cells (Grillet et al., 2009; Müller, 2008). Stereocilia are
mechanosensory cells that are capable of converting mechanical stimuli from sound waves or the
movement of the head into electrical signals (Yan & Liu, 2010). According to Grillet et al.
(2009), harmonin is needed for hair cells to possess the mechanotransduction abilities and is also
thought to play a pivotal role in the development and maturation of these properties (Figure 2).

Figure 1: Stereocilia morphology (adapted from Ciuman, 2011). This electron micrograph
represents the organization of stereocilia. (A) represents linear arrangement of the stereocilia
within the inner ear. (B) represents the ‘W’ organization of the outer hair cells.
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Figure 2: Inner ear hair bundle morphology (adapted from Ciuman, 2011). This diagram depicts
the stereocilia within the ear. Vertical (shaded gray) lines illustrate individual stereocilia. The red
dots indicate the location of harmonin. Harmonin is essential for maintaining the tip link
structure and allowing the stereocilia to have mechanotransduction properties.

Tip links within the inner ear connect the tip of one stereocilium to a longer, adjacent
one. These tip links are composed of two proteins: procadherin15 and cadherin23 (Müller, 2008).
There are several molecular compounds responsible for modulating the function of the
stereocilia. These compounds include myosins, scaffold proteins, and transmembrane proteins.
The dysfunction of any of these proteins causes impairments within the inner ear. In the case of
USH1C, harmonin is essential for the molecular architecture of the tip links and is also the
building block for hair cell mechanotransduction (Cosgrove & Zallocchi, 2014). While tip links
are present in both dfcr and wild-type mice, the dfcr mice lack upper tip link densities (UTLD).
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Therefore, harmonin plays an important role in the development and stability of UTLDs. Given
that these upper tip links are essential for mechanotransduction, mice that lack these do not
display normal function. Because harmonin is also concentrated at the UTLDs, decreased levels
of this protein result in a loss of mechanotransduction properties (Figure 2; see Grillet et al.,
2009).
Similar to the stereocilia within the inner ear, photoreceptors within the retina express the
USH proteins (Cosgrove & Zallocchi, 2014). The visual problems within this diagnosis are
caused by RP. Retinitis pigmentosa is a degenerative eye disease that is associated with the
deterioration of rod photoreceptors in the retina. Mathur and Yang (2015) posit that the USH1C
mouse model has a spontaneous retinal degeneration phenotype that leads to similar RP observed
in humans. However, Johnson and colleagues (2003) did not observe the retinal abnormalities
that would indicate visual deficits in the USH1C mouse model. Again, this symptomatology
remains to be confirmed (see Reiners et al, 2006; Yan & Liu, 2010). Electroretinograms of the
USH1C revealed abnormal results at one month old and revealed progressive damage between
six and twelve months of age. By this account, the USH1C mice are predicted to also have visual
impairments. However, there are conflicting reports whether or not the mouse model is subjected
to the same retinal degeneration observed in human patients (see Reiners et al, 2006; Yan & Liu,
2010). There are currently no rodent models that mimic the retinal degeneration in humans
(Reiners et al., 2006).
The majority of research on Usher focuses on gaining knowledge of and treating the
blindness and deafness associated with Usher syndrome because it is perhaps the most
burdensome of the symptomatology in humans. However, the hallmark vestibular aspect of the
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disorder has not received the same attention. Since the inner ear is responsible for both auditory
and vestibular function, it is advantageous to expand the knowledge of how Usher syndrome
affects the vestibular system. Additionally, because the vestibular system has been linked to
spatial orientation, it is also valuable to study how the impaired vestibular system in the USH
mouse model influences the ability to organize movement throughout the environment.

Spatial Orientation
Being able to move throughout an environment and remember important locations is
evolutionarily imperative for an animal’s survival. It is one of the most complex problems that
animals encounter on a daily basis. These navigation skills are required to complete tasks such as
foraging for food, finding a mate, and avoiding predation. There are two main sources of
information available to animals that are based on the different cues that are present. These cues
can be categorized as either environmental or self-movement (Gallistel, 1990). Environmental
cues (e.g., visual, auditory, olfactory) are generated externally from the environment
(Maaswinkel, Jarrard, & Whishaw, 1999). These cues are mainly used during piloting, which is
defined as navigating by way of the relationships between external cues (Gallistel, 1990). In
contrast, self-movement cues (e.g., proprioception, optic flow, efference copies, vestibular input)
are generated from within the animal itself (Maaswinkel, Jarrard, & Whishaw, 1999). In an ideal
setting, animals can use both environmental and self-movement cues concurrently. However,
restrictions to the environment or damage to the neural structures responsible for processing
these sources of information can lead to a shift in the types of cues used. The use of
environmental cues to maintain spatial orientation is commonly observed in spatial tasks such as
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the Morris water task (Morris, 1981). Several studies that use this water-based task have
concluded that rats use cues within the environment to help guide them to the exact spatial
location of the hidden escape platform (Morris, 1981; Morris et al., 1982). Environmental cues
serve as stable and salient landmarks that the rats can utilize to maintain spatial orientation;
however, when these cues are altered or not available, alternative strategies must be employed.
In contrast, dead reckoning is a navigational strategy that uses self-movement cues
(Darwin, 1873; Mittelstaedt & Mittelstaedt, 1980). This is the integration of self-movement cues
to guide an animal throughout its environment. When environmental cues are not present (e.g.,
dark conditions), animals must rely on another strategy to guide their movements and determine
their location within space. First mentioned by Darwin (1873), this process integrates the use of
self-movement cues (cues internally generated from the animal) to compute the direction and
distance from the point of origin where the movement began. In order to successfully move
throughout an environment, animals must be able to know how to orient themselves within space
by keeping track of the distance and direction previously traversed. Dead reckoning is the
process in which an animal must monitor its own movements to process these two components
of information.
Dead reckoning, a component of working memory, is a computational process that stores
the short-term information of the computations that are produced with each movement (Barlow,
1964; Maurer, 1998). With each movement created by the animal, information about its spatial
orientation is updated. The ability to navigate via dead reckoning is not unique to a single
species. Some of the earliest evidence of dead reckoning in mammals originated from a study
with gerbils (Mittelstaedt & Mittelstaedt, 1980). Gerbils disoriented by way of rotation were able
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to correct for the disorientation and return to the starting location. Similarly, Wehner and
Srinivasan (1981) trained desert ants to find food that was far away from their nest. Once the ants
located the food, they were displaced at an even greater distance. Despite the terrain not having
any distinct landmarks, the ants were able to travel in a similar direction and distance as the
nesting location. In these studies, the animals were able to compensate for disorientation and
return to the initial point of movement because they were internally monitoring their location
through self-movement cue processing. According to Wallace, Martin, and Winter (2008), dead
reckoning is a multifaceted navigational strategy that is composed of three different components:
a compass, odometer, and logbook. The compass and odometer are important for the outward
segment of the exploratory trip because they are responsible for obtaining information about
direction from changes in heading and obtaining information about distance from these changes
in position. The logbook, a continually updating mechanism, combines these two information
sources to derive the approximate direction and distance to the home base. Together, these
features are important for maintaining spatial orientation and being able to get from one place to
the next. The ability to use dead-reckoning skills may be disrupted by neurological disorders,
genetic mutations, or lesions to areas associated with spatial orientation. There is a network of
sensory and neural structures that are responsible for spatial orientation and more specifically,
dead reckoning.

Neural Basis of Self-Movement Cue Processing
Early work supported a role of the hippocampus in encoding relationships among
environmental cues (O’Keefe & Nadel, 1978). The hippocampus (HPC) has become the central

11
neuroanatomical structure associated with spatial orientation in animals (Jarrard, 1993; O’Keefe
& Nadel, 1978). Hippocampal lesions in rats have been shown to disrupt performance in a wide
array of behavioral tasks: radial arm maze (Jarrard, 1993; Olton et al., 1979), the T-maze
(Rawlins & Olton, 1982), and within the Morris water task (MWT) when the escape platform
was hidden (Morris, Garrud, Rawlins, & O’Keefe, 1982; Pearce, Roberts, & Good, 1998).
Although the aforementioned tasks have provided a greater understanding of the role of the
hippocampus, this body of work is substantially limited to the use of environmental cues. Despite
previous research suggesting the hippocampus is solely responsible for encoding environmental
cues for spatial orientation, a growing body of literature has challenged this role.
There is increasing evidence that the hippocampus and its associative structures are also
involved in self-movement cue processing. Several studies have examined the relationship
between the hippocampus and dead reckoning navigation. Maaswinkel, Jarrard, and Whishaw
(1999) questioned whether piloting and dead reckoning could be dissociated using selective
hippocampal lesions. Rats received lesions that had extensive damage to the CA regions and
dentate gyrus while sparing the fimbria-fornix pathway that is important for transmitting
information. Rats were then tested in a food-foraging task using either a mask (to allow for
environmental cues) or a blindfold (to encourage the use of self-movement cues). While control
rats performed similarly under both conditions, rats with damage to the HPC performed better
with the access to visual cues. The decrease in task performance when external cues are
restricted suggests that the hippocampus is essential for successful self-movement cue
processing.
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In a similar study, Martin and Wallace (2007) examined selective hippocampal lesions
within a food-hoarding task. Although both sham and lesion animals had comparable
performances in retrieving a food item when environmental cues were available, group
differences arose under dark conditions. Given that rats were mostly impaired when required to
rely solely on self-movement cues, the study proposed that the ability to use environmental cues
is spared. More specifically, sham rats were able to correct their behavior and travel to the new
location of the refuge; however, lesion rats perseverated to the former location of the refuge. The
study revealed that medial septum lesions of the HPC impair homeward segments that rely on
self-movement cue processing. These results are consistent with the previous study by Martin,
Horn, Kusman and Wallace (2007), indicating that damage to the medial septum creates a
disturbance in dead-reckoning abilities but are mitigated by the access to environmental cues.
Taken together, these studies highlight the role of the hippocampus in processing self-movement
cues.
One of the major sources of self-movement cues is the vestibular system. Vestibular cells
in the semi-circular canals and otolith organs, which include the utricle and saccule, are
responsible for detecting angular and linear acceleration of the head (Smith, 1997; Smith, Horii,
Russell, Bilkey, Zheng, Liu, Kerr, & Darlington, 2005). Within these structures are hair cells that
transduce incoming signals. Vestibular input may be processed in the neocortex and limbic
system to facilitate spatial orientation. There are several lines of evidence that are in support of
the role of the vestibular system in maintaining spatial orientation.
Given that the vestibular system is responsible for a variety of functions related to
movement, damage to this region impairs the ability to move throughout space properly.
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Stackman and Herbert (2002) investigated the relationship between the vestibular system and the
ability to navigate. Rats with bilateral vestibular lesions were assessed in a square enclosure that
contained a cue card as the only salient environmental cue. When this cue card was rotated, rats
with the vestibular damage oriented themselves toward the cue. However, when the cue card was
completely removed, these rats failed to maintain spatial orientation. This suggests that rats with
vestibular damage depend on landmark cues to navigate throughout an environment and become
disoriented when they must rely on the use of self-movement cues. Wallace, Hines, Pellis and
Whishaw (2002) examined behavior of rats with bilateral vestibular lesions (BVL) in a foodhoarding task under both dark and light conditions. While control rats were able to return directly
to the home base after finding the food pellet, the homing skills of BVL rats were greatly
impaired under dark conditions. When the home base was relocated, control rats were able to
correct their behavior and arrive at the new location. In contrast, BVL rats perseverated to the
former home base location under dark conditions. This suggests that rats with vestibular damage
are impaired in self-movement cue processing and have difficulty adjusting to task demands.
However, under light conditions, the home base can be used as a visual cue to guide spatial
orientation. While BVL impairs self-movement cue processing, compensatory mechanisms can
be used to maintain orientation.
Although the association between the hippocampus and the vestibular system has almost
been exclusively examined using animal models, human research suggests that this link is
conserved across multiple species. Neuroimaging research of patients with bilateral vestibular
lesions revealed spatial memory decline and 17% bilateral atrophy within the hippocampus
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(Brandt et al., 2005). Similar to rodents with BVL, spatial orientation was disrupted as a result,
patients had higher latencies and longer and more circuitous paths in a virtual Morris water task
(Brandt et al., 2005). Although indirect, this provides evidence that the hippocampus requires
input from the vestibular system to maintain spatial orientation.
Vestibular damage may influence changes in the hippocampal formation due to neural
changes within the neocortex and limbic system. Neurochemical, electrophysiological, and
imaging studies have demonstrated that activation of the vestibular nucleus can influence
hippocampal function. The vestibular nuclear cortex and hippocampus are connected via
complex, yet indirect pathways (Smith, 1997). Signals from structures that detect angular and
linear acceleration are integrated within the brainstem vestibular nucleus to provide information
on components such as velocity and position within space (Raphan & Cohen, 2002; Russell et
al., 2006). It is believed that these signals reach the hippocampus through polysynaptic pathways
(Smith, 1997). Rhythmic signals within the hippocampus (known as theta) have been previously
demonstrated to occur in freely moving rodents (Bland, 1986). Due to the phase of theta in
relation to a given location in space, these signals may play an important role in processing
spatial information (Skaggs & McNaughton, 1996). Additionally, theta may also be associated
with self-movement cues and may be responsible for integrating allocentric and egocentric
information from the environment. Loss of input from the vestibular system results in decreased
rhythmicity of hippocampal theta (Russell et al., 2006) and therefore has been linked to impaired
spatial function.
Being able to maintain spatial orientation also requires long-term potentiation (LTP)
within the hippocampus (Tsien et al., 1996). One of the neurotransmitters responsible for LTP
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and proper function of the hippocampus is acetylcholine (Ach) (Aigner, 1995). Acetylcholine is
abundant within the hippocampus through the M muscarinic receptors (Aitken et al., 2016).
1

Bilateral vestibular lesions result in a decreased density of M muscarinic receptors within the
1

HPC, suggesting that loss of vestibular input is associated with reduced ACh neurotransmission
(Aitken et al., 2016). In vivo electrophysiology studies revealed that stimulation of the vestibular
system modulated hippocampal neuron activity and increased the release of acetylcholine in the
CA regions of the hippocampus (Horii et al., 2004; Horii et al., 1994). The vestibular system
plays an important role in providing input to the hippocampus. Electrophysiological work has
shown that brief inactivation of the vestibular system leads to hippocampal disruptions
(Stackman, Clark, & Taube, 2002). Therefore, signals from the vestibular system promote proper
hippocampal function. This supports the studies that concluded that damage to the vestibular
system results in hippocampal dysfunction as well. By extension, this suggests that changes to
these receptors can contribute to deficits in maintaining spatial orientation. Therefore, given the
relationship between AChE and the hippocampus and the connection between self-movement
cue processing and the hippocampus, it is posited that there is also a relationship between AChE
and self-movement cue processing.

Organization of Exploratory Movements
Exploration consists of organized behavior that can be used to access self-movement cue
processing. This approach is robust yet selective enough to examine the relationships between
the vestibular system or the hippocampus and spatial navigation without the use of extensive

16
training. Being that this innate behavior is so imperative for survival, animals will engage in
exploratory behaviors in multiple situations.
In the wild, many mammals have a place of refuge that they leave and return to after
investigating their surroundings (Eilam & Golani, 1989). Adapting this paradigm to a laboratory
setting, rodents that are placed in a novel environment will display similar exploratory behaviors
to the wild. Rodents exhibit structured behavior when orienting within space. When moving
throughout an environment, rats tend to stop at a specific location and remain there for longer
periods of time compared to other locations (Eilam & Golani, 1989; Golani, Benjamini, & Eilam,
1993). This location of the cessation of movement is referred to as a home base (Eilam & Golani,
1989; Golani, Benjamini, & Eilam, 1993). According to Eilam and Golani (1989), in addition to
spending a majority of the time at the home base location, rats will also engage in behaviors such
as grooming (cleaning the face and/or body) or rearing (standing on the hind legs). Once a home
base is established, the animal takes several trips to and from this location (Drai, Kafkafi,
Benjamini, Elmer, & Golani, 2001; Eilam & Golani, 1989; Golani, Benjamini, & Eilam, 1993).
Exploratory movements are further broken down into progressions and stops relative to the home
base (Eilam & Golani, 1989; Golani, Benjamini, & Eilam, 1993). Progressions are defined as
forward movement in space, while stops are defined as the cessation of forward movement for
approximately one second or greater (Eilam & Golani, 1989; Golani, Benjamini, & Eilam, 1993).
These progressions and stops continue throughout the entire exploration session. This
organization is typically divided into two different segments: outward and homeward (Wallace,
Hines, & Whishaw, 2002). While outward behaviors are circuitous paths that occur at relatively
slow speeds, homeward segments are often direct trajectories in which higher peaks in speed

17
occur (Wallace, Hines, & Whishaw, 2002; Whishaw, Hines, & Wallace, 2001). The homeward
segment of a trip consists of the section of a path in which the last stop is made before returning
to the location of the home base (Wallace, Hines, & Whishaw, 2002). Researchers previously
posited that these behaviors were stochastically structured; however, more recent work suggests
that exploratory behaviors are highly organized (Wallace, Hamilton, & Whishaw, 2006). These
distinct characteristics are indicative of and further support the use of self-movement cues to
guide spatial orientation.
The previous literature on rodent behaviors focused on analyzing the single trips
(outward and homeward segments) of rodents in the food-hoarding task. However, instead of
examining the out and home segments, observing each stop and progression that rodents make
can provide a more comprehensive evaluation of their movement characteristics. Therefore,
recent work in the Wallace laboratory examined how rodents organize their movements
sequentially. This sequential approach combines the macro analysis of exploration characteristics
seen in Eilam and Golani (1989) and the detailed single trip analysis utilized by Wallace, Hines,
and Whishaw (2002). The main focus of this novel analysis is to use the characteristics of
progressions and stops to dissociate the role of the vestibular system in the organization of
exploratory movements. This analysis involves dividing the exploration session into samples of
five minutes of time and analyzing the behavior within and across the samples.
There are several measures that examine the organization of exploratory movements
(Blankenship et al., 2017). First, all the progressions can be examined together to determine the
total distance that is traveled in a given exploration session. Peak speed, the maximum speed
achieved during a given sample, provides another measure of general locomotion. Path circuity
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is a ratio between the actual path traveled and the shortest, most direct path. Furthermore, the
stops can also be used to assess total stop duration and change in heading. Stop duration can be
used to measure hyperactivity and general locomotor function. Change in heading most
frequently occurs when the animal is stopped and about to make a new progression. Taking all
the stops during a given exploration session can also be used to look at home base establishment
and stability across samples.
Using this novel technique, exploratory movements of “tilted” mice were examined in an
open-field exploration task (Blankenship et al., 2017). Given that the otolith organs are an
integral part of the vestibular system and one of the sources for generating self-movement cues,
mice that lack these organs are impaired in maintaining spatial orientation (see Yoder et al.,
2015). Mice were left to explore a borderless circular tabletop during dark and light conditions.
This newly implemented sequential analysis was able to further distinguish differences between
groups. Compared to controls, tilted mice exhibited disruptions in performance of progressions
and stops impairments under both dark and light conditions, with disruptions being more severe
under dark conditions. These disruptions were primarily observed in changes in heading and path
circuity. Tilted mice displayed greater changes in heading and greater levels of path circuity.
While first-order circular statistics revealed that tilted mice have stable stop-clustering behavior
within samples, second-order statistics revealed less stability of stop-clustering behavior across
the samples. This effect was only observed under dark testing conditions. Due to the lack of
otolith organs, tilted mice are unable to properly process self-movement cues and keep track of
where they have been and where they are going. Therefore, although these mice are capable of
establishing a home base, this location is not consistent over the five samples. This ultimately

19
reinforces the idea that the presence of visual cues can result in compensation for the vestibular
deficits that influence self-movement cue processing. This study provides a line of evidence that
vestibular pathologies are capable of disrupting the organization of exploratory movements.
Given this, it is important to assess novel therapeutic interventions that may improve vestibular
function and thus restore the organization of exploratory movements.

Antisense Oligonucleotide (ASO) Therapy
Antisense oligonucleotides (ASO) are a form of therapy for disorders (e.g., Huntington
disease and Alzheimer's disease) and have demonstrated effectiveness in both preclinical and the
first phase of clinical trials (Southwell, Skotte, Bennett, & Hayden, 2012). These small synthetic
molecules are able to target mRNA for degradation. In the case of Usher syndrome (specifically
USH1C), the ASO targets the mutated USH1C gene and repairs the cryptic splicing (Lentz et al.,
2013). ASO-29 was implemented due to the success in yielding the highest amount of correct
splicing (Avraham, 2013; Lentz et al., 2013). As a result of this proper splicing, harmonin
production is increased (Figure 3). Although there is currently no cure available, recent evidence
suggests that this novel therapy can eliminate the circling behavior observed in the mouse model
of Usher syndrome (Lentz et al., 2013; Vijayakumar et al., 2017). This therapeutic intervention
may also work to correct the vestibular dysfunction associated with the disorder. The researchers
also demonstrated that the hearing and vestibular dysfunction (i.e., circling behavior) associated
with Usher syndrome can be ameliorated. Mutant mice treated with the ASO-29 five days after
birth exhibited improved hearing, an absence of circling behavior, and increased harmonin
levels. Overall, therapeutic effects have been observed in Usher mice that received the ASO
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treatment; however, for an optimal outcome, treatment would likely need to be initiated early in
development.

Figure 3: Percentage correct slicing of the mRNA for the USH1C gene (Panel A). Panel B
represents harmonin expression for heterozygous (HET) and Usher (MUT) mice treated with
ASO-C (CON) and the ASO-29 (ASO).

The mouse model of USH1C presents a comprehensive account of the complexity of
Usher syndrome. According to Lentz and colleagues (2013), Usher mice treated with ASO-29 at
P5 did not display the characteristic circling behavior at six months of age. Additionally, based
on startle responses and auditory brainstem response measurements, ASO-29-treated mice
showed an increase in hearing function. Although low to mid-range frequencies appeared to be
recovered at two months of age, higher frequencies were not restored with the ASO-29 therapy.
At six months, mice exhibited hearing loss at lower frequencies that were previously functional.
The internal hair cells and structure of the cochlea were correlated with function; mice that
showed evidence of restored hearing also had partial recovery of hair cells and structure similar
to heterozygous mice without Usher syndrome. Furthermore, the results suggest that a single
dose of ASO-29 has long-term therapeutic effects. The results from the study indicate that it is
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possible to ameliorate the effects of Usher syndrome when mice are treated as neonates. When
ASO-29 is delivered at postnatal day five, the sensory systems are not completely developed,
thus indicating a critical period for correcting aberrant splicing. Therefore, the maximum benefit
of restoring auditory and basic vestibular function can be achieved.
Given that the ASO therapy is capable of improving auditory and vestibular function, it
comes into question whether or not this therapeutic has effects on the brain and whether loss of
Ush1c expression in the brain of Usher mice has any role in the hearing and vestibular deficits.
While some ASOs are able to penetrate the blood-brain barrier (Banks, Farr, Butt, Kumar,
Franko, & Morley, 2001; Southwell et al., 2012), most ASO molecules are too large to pass
through this barrier (Evers, Toonen, & van Roon-Mom, 2015); therefore, it is unlikely to directly
impact the hippocampus. However, the ASO has the potential to indirectly influence the
hippocampus and the production of Ach via sensory signaling pathways between the inner ear
and the central nervous system. As previously mentioned, BVL has been shown to decrease
concentrations of ACh within the HPC (Aitken et al., 2016). Furthermore, the vestibular system
and the HPC are structures that both contribute to maintaining spatial orientation (Stackman et
al., 2002, Stackman & Herbert, 2002). Therefore, because the ASO-29 is capable of improving
vestibular function, this therapy has the potential to indirectly influence ACh concentration in the
HPC via the vestibular system. Considering that the ASO therapy can rescue an Usher mouse
from engaging in circling behavior, it may also be capable of rescuing any disruption in the
organization of exploratory movements associated with the Usher mouse model.
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Rationale
The previously mentioned studies have characterized how animals organize their
movements during an open-field exploration task. Although the vestibular system has been
implicated in maintaining spatial orientation through providing a source of self-movement cues,
there are limited studies that demonstrate how the vestibular system alone may influence these
behaviors. Furthermore, there are no studies that examine the effects of an antisense
oligonucleotide therapy and recovery of vestibular function in animals with a disease associated
with vestibular pathology. Thus, the main goals of this experiment are to further characterize the
vestibular system’s role in spatial orientation and self-movement cue processing and to
determine whether a targeted ASO therapy can rescue vestibular function using an open-field
exploration task.

Specific Aims and Hypotheses
Specific Aim 1: Examine the relationship between Usher syndrome and the organization
of exploratory movement.
Hypothesis 1: Usher mice will exhibit disruptions in the organization of exploratory
movements.
Hypothesis 2: The ASO therapy will ameliorate disruptions in the organization of
exploratory movements observed in Usher syndrome.
Specific Aim 2: Examine the relationship between Usher syndrome and hippocampal
cholinergic tone.
Hypothesis 1: Usher mice will have lower levels of AChE within the hippocampus.
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Hypothesis 2: The ASO therapy will attenuate the loss of hippocampal AChE associated
with Usher syndrome.

CHAPTER 2
METHODS

Subjects
Thirty-eight male USH1C 216A knock-in mice (C57BL/6) were obtained from Rosalind
Franklin University in several cohorts. All mice were treated at P5 with a targeted antisense
oligonucleotide therapy (ASO-29) or control treatment (ASO-C) via an intraperitoneal injection
(300 mg/kg; Figure 4). All mice were pair housed in plastic cages in a temperature-controlled
colony room, on a 12-hour light/dark cycle, and with food and water provided ad libitum. This
study consisted of four groups: ASO-29-treated heterozygous mice (n=8), ASO-29-treated
mutant mice (n=8), ASO-C-treated heterozygous mice (n=12), and ASO-C-treated mutant mice
(n=10). At the beginning of testing, all mice were approximately two months old. Mice will also
be tested again at six months of age as part of a larger study. The Institutional Animal Care and
Use Committee (IACUC) of Northern Illinois University approved all of the following
procedures for this experiment.

Apparatus
The apparatus consisted of a borderless white circular table (122 cm diameter)
approximately 70 cm high. A small piece of clear plastic was anchored to the edge of the table to
serve as a home base for this experiment (Figure 5). The testing room was lightproof and
completely dark. To illuminate the testing room during the dark phases of the experiment,
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infrared light sources undetectable to rodents (Neitz & Jacobs, 1986) were placed along the
perimeter of the testing room. All exploration sessions were recorded to DVD using an overhead
camera capable of detecting infrared light. DVDs were saved for offline analysis.

Figure 4: Experimental timeline. All mice were bred and treated at Rosalind Franklin Medical
University. Mice received an infusion (300mg/kg) of either the ASO-29 or ASO-C at postnatal
day five. Behavioral testing began when mice reached two months of age. At the conclusion of
testing, mice were sacrificed and brains were assessed for acetylcholinesterase.

Figure 5: Apparatus. Mice were placed on a circular table with a plastic tab anchored to the side
to serve as a home base. Mice openly explored the apparatus for a period of 50 minutes under
both dark and light conditions.
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Procedure
All behavioral testing occurred during the day under the light cycle. Using a separate
transporting cage, mice were transported from the colony room to the testing room. Upon
entering and leaving the testing room, the experimenter moved in a random sequence of steps in
attempts to disorient the mice and diminish any experimenter-influenced extramaze cues that
might alter behavior during the exploration sessions. The experimenter placed the mouse on the
table and left the room. All mice were allowed to openly explore the apparatus for approximately
50 minutes. If the mouse fell off, the experimenter had to re-enter the room and return the mouse
to the tabletop. If a fall occurred during the dark phase of testing, the experimenter entered the
testing room and located the mouse with an infrared spotter and returned the mouse to the
apparatus. In attempts to eliminate any olfactory and tactile cues that may exist, the apparatus
was rotated and disinfected after each session. All testing was conducted across six consecutive
days (three days dark followed by three days light). Given that these experiments are a part of a
larger project, the following procedures were conducted again when the mice reach six months
of age; however, this data is not included.

Histology
The day after six-month behavioral testing was complete, mice were deeply anesthetized
with 0.1M Euthasol (sodium pentobarbital) and perfused intracardially with phosphate-buffered
saline (PBS) and 4% paraformaldehyde. After brains were extracted, they were stored in PBS
overnight. Subsequently, all brains were placed in the refrigerator in a 30% sucrose solution until
completely submerged at the bottom of the vial. Using a cryostat, brains were frozen and sliced
at 40μm sections along the dorsal hippocampus. Every third coronal brain slice was mounted on
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chromalin-subbed slides and stained for acetylcholinesterase (AChE). All slides were visualized
using an Olympus BH-2 microscope (100x) and photomicrographs of the sections were taken
with an Olympus DP72 camera. Using ImageJ, the average optic density values were calculated
from a square section (50 x 50 pixels) of the motor cortex and (20 x 20 pixels) dorsal portion of
the hippocampus that include the CA regions and the dentate gyrus. Optical density values were
relative to the gray values associated within the sampled area (white: 255; black: 0).

Genotyping
At the completion of six-month testing, tail snips from each mouse were taken and sent
back to Rosalind Franklin University to confirm genotyping. The DNA from the tails were
extracted and then replicated through polymerase chain reaction (PCR) to detect for the mutant
(USH1C216 AA) and heterozygous (USH1C216 AG) genes. Once replication was complete, the
DNA was loaded onto a gel plate and run through gel electrophoresis. Photographs of the gel
plate were taken to visualize the bands of DNA. DNA samples from heterozygous mice should
appear as two bands, whereas samples from mutant mice should appear as a single band. In
addition to confirming genotype, this also serves to verify the observed behavior.

Data Analysis
All exploration sessions were recorded to DVD using an overhead camera capturing 30
fps. To track the exploratory trips of each mouse, the motion capture software EthoVision 3.0
(Noldus, NL) was used to quantify kinematic and topographic behaviors of each mouse. By
defining the testing arena and identifying the body of the mouse, this system provided an output
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of Cartesian x and y coordinates that correspond to the mouse’s location within the arena at any
given time. Using a sequential analysis method, 25 of the 50 minutes was included in the final
analysis (Blankenship et al., 2017). Given previous evidence that mice exhibit home-base-like
behavior (e.g., grooming, rearing) around two minutes into a session (Blankenship et al., 2017),
data collection began at this mark and continued until a total of 25 minutes of data were
obtained. These 25 minutes were further segmented into five 5-minute samples. To characterize
the organization of exploratory behaviors, the x and y coordinates were used to divide the path
into progressions and stops. The following parameters related to progressions were analyzed for
each mouse:
1. Total distance traveled (cm): cumulative distance traveled within a session.
2. Peak speed (cm/sec): highest speed reached between two stopping points.
3. Path circuity: the actual path taken by the mouse compared to the shortest, most direct
distance between two stops (Euclidean distance). Ratios were measured from 0.0 to
1.0 with 1.0 indicating a straight, non-circuitous path.
For stops, the following parameters were analyzed for each mouse:
4. Average stop time (sec): average amount of time within a session spent without
forward movement.
5. Change in heading (deg): occurs at stops; degree to which a mouse shifts its head to
begin a new progression.
Data was analyzed in SPSS. All behavioral measures for each mouse were analyzed using
a repeated-measure analysis of variance (ANOVA) to examine the effects of genotype,
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treatment, and genotype by treatment across the five samples of exploration. To account for any
differences in the groups of mice received, cohort was included as a covariate in all the analyses.
Furthermore, the clustering of stops was analyzed as a measure of home base
establishment. The x and y Cartesian coordinates associated with each stop were transformed
into a series of polar coordinates and subsequently analyzed using circular statistics. First-order
circular statistics were used to calculate the amount of stops within a given sample.
Subsequently, second-order circular statistics were used to calculate the amount of stops between
samples. ANOVAs were also used to assess differences in these parameters of concentration.
This ultimately provided an assessment of home base establishment and stability across samples.

CHAPTER 3
RESULTS

Genotyping
Prior to receiving the animals, all mice were ear punched for identification. Tissue from
this procedure was used to determine whether a mouse could be classified as heterozygous or
mutant. At the conclusion of testing (six-month testing), tail snips were sent to Rosalind Franklin
Medical University for genotyping for the Usher mutation. The DNA samples confirmed the
previously listed genotypes. The gel plate revealed one horizontal band for mice classified as
heterozygous and two horizontal bands for those that possessed the Usher gene (Figure 6).

Figure 6: Gel plate photograph confirming genotype of heterozygous and mutant mice.
Heterozygous mice are represented by a single horizontal band and mutant mice are represented
by two horizontal bands.
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Exploratory Movements Under Dark Conditions
Under dark testing conditions, mice generally organized their movements into a series of
progressions and stops. Given that there were no significant differences across the five samples,
data for progression and stopping measures were collapsed across samples.
Mice organized their exploratory movements into progressions, or forward movement
throughout the arena (Figure 7). There were several measures developed to characterize the
topographic and kinematic features of progressions. The ANOVA conducted on total distance
(Figure 8) traveled failed to reveal a significant effect of genotype [F (1, 34) = 0.004, p=0.949, 

2

p

<0.001], treatment [F (1, 34) = 0.927, p= 0.342,  = 0.027], and genotype by treatment
2

p

interaction [F (1,34) = 0.023, p = 0.880,  = 0.001]. Another component of progressions is the
2

p

moment-to-moment peak speeds traveled (Figure 9). For peak speed, there was no significant
effect of genotype [F (1,34) = 0.314, p = 0.579,  = 0.009], treatment [F (1,34) = 1.216, p =
2
p

0.278,  = 0.035], and genotype by treatment interaction [F (1,34) = 0.050, p = 0.824,  =
2
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p

p

0.001]. Generally, all mice (except the ASO-C-treated mutants) traveled along non-circuitous
paths (Figure 10). The ANOVA conducted on progression path circuity revealed a significant
effect of genotype [F (1,34) = 12.826, p = 0.001,  = 0.274], treatment [F (1,34) = 19.955, p <
2
p

0.001,  = 0.370], and genotype by treatment interaction [F (1,34) = 7.215, p = 0.011,  =
2

p
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0.175]. A post hoc analysis (Tukey HSD, p<0.05) indicated that the ASO-C-treated heterozygous
mice traveled in more direct progressions compared to ASO-C-treated mutant mice. There were
no group differences observed among the heterozygous and mutant mice treated with the ASO29. While the USH1C genotype disrupted progression path circuity, the ASO-29 ameliorated
these disruptions.
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Figure 7: Topographic plots for a representative mouse in each group under dark conditions. (A)
HET-CON, (B) MUT-CON, (C) HET-ASO, (D) MUT-ASO. Blue lines represent the Euclidean
distance (shortest distance between two stops); white lines represent the actual path the mouse
traversed.

Figure 8: Total distance traveled under dark conditions. Mean (+ SEM) total distance during the
exploration task at two months of age in heterozygous and mutant mice treated with either ASOC or ASO-29 at P5 under dark conditions.
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Figure 9: Average peak speed under dark conditions. Mean (+ SEM) average peak speed (cm/s)
during the exploration task at two months of age in heterozygous and mutant mice treated with
either ASO-C or ASO-29 at P5 under dark conditions.

Figure 10: Average path circuity under dark conditions. Mean (+ SEM) average path circuity
during the exploration task at two months of age in heterozygous and mutant mice treated with
either ASO-C or ASO-29 at P5 under dark conditions (*p<0.05).
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The other characteristic of the exploratory movements is stops, or the cessation of
movement (Figure 11). There were also several measures developed to quantify the topographic
and kinematic aspects of stopping behavior. The ANOVA conducted on average stop duration
(Figure 12) failed to reveal a significant effect of genotype [F (1,34) = 0.056, p = 0.814,  =
2

p

0.002], treatment [F (1,34) = 0.001, p = 0.984,  = 0.001], and genotype by treatment interaction
2

p

[F (1,34) = 0.603, p = 0.443,  = 0.017]. Mice exhibit changes in heading most commonly at
2

p

stops and in between progressions (Figure 13). The ANOVA for change in heading revealed a
significant effect of genotype [F (1,34) = 18.047, p < 0.001,  = 0.347] and treatment [F (1,34) =
2

p

24.041, p < 0.001,  = 0.414]. However, there was no significant difference for the genotype by
2

p

treatment interaction [F (1,34) = 0.893, p = 0.351,  = 0.026]. ASO-C-treated mutant mice
2

p

exhibited greater changes in heading compared to heterozygous mice. In comparison, the ASO29-treated mutants exhibited reductions in change in heading.
Overall, mice establish home bases that are concentrated in consistent locations within
and between samples (Figure 14). Stop clustering within each sample was used to obtain the
measure of first-order parameter of concentration. The ANOVA for first-order parameter of
concentration, within samples, revealed a significant effect of treatment [F (1, 34)=8.364,
p=0.007,  =0.197]. However, a significant effect of genotype [F (1, 34)=0.844, p=0.365, 
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p

p

=0.024] and genotype by treatment interaction [F (1, 34)=3.517, p=0.069,  =0.094] was not
2

p

observed. Mice treated with the ASO-29 displayed less dense stop clustering relative to ASO-Ctreated mice (Figure 15). Stop clustering between each sample was used to obtain the measure of
second-order parameter of concentration. The ANOVA on second-order parameter of
concentration, between samples (Figure 16), failed to reveal a significant effect of genotype [F
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(1,34)=1.067, p=0.309,  =0.030], treatment [F (1,34)=1.454,p=0.236,  =0.041], and genotype
2

2

p

p

by treatment interaction [F (1,34)=0.349, p=0.558,  =0.010]. All mice consistently clustered
2

p

their stops between samples; neither genotype nor treatment had an influence on home base
stability.

Figure 11: Topographic plots for a representative mouse in each group under dark conditions.
(A) HET-CON, (B) MUT-CON, (C) HET-ASO, (D) MUT-ASO. White lines represent the actual
path the mouse traversed while red circles indicate stops. Larger circles are indicative of longer
stop durations.
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Figure 12: Average stop duration under dark conditions. Mean (+ SEM) average stop duration
(sec) during the exploration task at two months of age in heterozygous and mutant mice treated
with either ASO-C or ASO-29 at P5 under dark conditions.

Figure 13: Average change in heading under dark conditions. Mean (+ SEM) average change in
heading (deg) during the exploration task at two months of age in heterozygous and mutant mice
treated with either ASO-C or ASO-29 at P5 under dark conditions (*p<0.05).
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Figure 14: Topographical stop clustering plots for a representative HET-CON mouse. First-order
(between samples) statistics is plotted in panels A-E. Panel F represents second-order (within
samples) statistics.

Figure 15: First-order parameter of concentration under dark conditions. Mean (+ SEM) firstorder parameter of concentration during the exploration task at two months of age in
heterozygous and mutant mice treated with either ASO-C or ASO-29 at P5 under dark conditions
(*p<0.05).
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Figure 16: Second-order parameter of concentration under dark conditions. Mean (+ SEM)
second-order parameter of concentration during the exploration task at two months of age in
heterozygous and mutant mice treated with either ASO-C or ASO-29 at P5 under dark
conditions.

Exploratory Movements Under Light Conditions
Under light testing conditions, mice generally organized their movements into a series of
progressions and stops. Given that there were no significant differences across the five samples,
data for progression and stopping measures were collapsed across samples.
Similar to dark conditions, the ANOVA conducted on total distance (Figure 17) failed to
reveal a significant effect of genotype [F (1,34)=3.161,p=0.084,  =0.085], treatment [F
2

p

(1,34)=2.120,p=0.155,  =0.059], and genotype by treatment interaction [F
2

p

(1,34)=2.571,p=0.118,  =0.070]. Independent of testing condition, there were no group
2

p

differences observed among groups. The ANOVA conducted on peak speed (Figure 18) failed to
yield a significant effect of genotype [F (1,34) = 1.103, p = 0.301,  = 0.031], treatment [F
2

p

(1,34) = 0.048, p = 0.828,  = 0.001], and genotype by Treatment interaction [F(1,34) = 0.929, p
2

p

= 0.342,  = 0.027]. Neither the genotype nor the treatment was observed to have an impact on
2

p
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progression peak speeds. For path circuity, there was a significant effect of genotype [F
(1,34)=9.047, p=0.005,  =0.210], treatment [F (1,34)=8.927, p=0.005,  =0.208], and genotype
2

2

p

p

by treatment interaction [F (1,34)=12.792, p=0.001,  =0.273]. A Tukey HSD (p<0.05) post hoc
2

p

indicated that ASO-C-treated heterozygous mice traveled in significantly more direct paths than
ASO-C-treated mutants. Like dark conditions, there were no differences among those treated
with ASO-29. While the genotype created a disruption in path circuity, the ASO-29 treatment
ameliorated these disruptions (Figure 19).

Figure 17: Total distance traveled under light conditions. Mean (+ SEM) total distance during the
exploration task at two months of age in heterozygous and mutant mice treated with either ASOC or ASO-29 at P5 under light conditions.
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Figure 18: Average peak speed under light conditions. Mean (+ SEM) average peak speed (cm/s)
during the exploration task at two months of age in heterozygous and mutant mice treated with
either ASO-C or ASO-29 at P5 under light conditions.

Figure 19: Average path circuity under light conditions. Mean (+ SEM) average path circuity
during the exploration task at two months of age in heterozygous and mutant mice treated with
either ASO-C or ASO-29 at P5 under light conditions (*p<0.05).
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As with dark conditions, the ANOVA on average stop duration (Figure 20) failed to yield
a significant effect of genotype [F (1,34) = 0.014, p = 0.905,  = 0.001], treatment [F (1,34) =
2

p

0.256, p = 0.616,  = 0.007], and genotype by treatment interaction [F(1,34) = 0.054, p = 0.817,
2

p

 = 0.002]. Independent of testing conditions, neither genotype nor treatment was observed to
2

p

have an effect on average stop duration. Similar to dark conditions, the ANOVA on change in
heading revealed a significant effect for genotype [F (1,34) = 14.977, p < 0.001,  = 0.306],
2

p

treatment [F (1,34) = 12.828, p = 0.001,  = 0.274], and genotype by treatment interaction
2

p

[F(1,34) = 5.771, p = 0.022,  = 0.145]. A post hoc analysis (Tukey HSD, p<0.05) revealed that
2

p

ASO-C-treated mutants had greater changes in heading compared to ASO-C-treated
heterozygous mice. However, there were no group differences observed among ASO-29-treated
mice (Figure 21).

Figure 20: Average stop duration under light conditions. Mean (+ SEM) average stop duration
(sec) during the exploration task at two months of age in heterozygous and mutant mice treated
with either ASO-C or ASO-29 at P5 under light conditions.
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Figure 21: Average change in heading under light conditions. Mean (+ SEM) average change in
heading (deg) during the exploration task at two months of age in heterozygous and mutant mice
treated with either ASO-C or ASO-29 at P5 under light conditions (*p<0.05).

Under light conditions, the ANOVA for first-order (within sample) parameter of
concentration failed to yield a significant effect of genotype [F (1,34)=1.756, p=0.194, 

2

p

=0.049], treatment [F (1,34)=1.165, p=0.288,  =0.033], and genotype by treatment [F
2

p

(1,34)=0.411, p=0.526,  =0.012]. While the ASO-29 was observed to decrease within-sample
2

p

stop clustering only under dark conditions, this effect was not observed under light conditions
(Figure 22). The ANOVA conducted on second-order (between samples) failed to yield a
significant effect for genotype [F (1,34)= 0.004, p=0.952,  <0.001], treatment [F (1,34)=0.014,
2

p

p=0.907,  <0.001], and genotype by treatment interaction [F (1,34)=2.495, p=0.123,  =0.068].
2

p

2

p

Mice consistently clustered stops in a similar location under both testing conditions (Figure 23).
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Figure 22: First-order parameter of concentration under light conditions. Mean (+ SEM) firstorder parameter of concentration during the exploration task at two months of age in
heterozygous and mutant mice treated with either ASO-C or ASO-29 at P5 under light
conditions.

Figure 23: Second-order parameter of concentration under light conditions. Mean (+ SEM)
second-order parameter of concentration during the exploration task at two months of age in
heterozygous and mutant mice treated with either ASO-C or ASO-29 at P5 under light conditions
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Histology
All brains were sliced at 40m and sections were taken at the level of the dorsal
hippocampus (Figure 24). To quantify concentrations of AChE, optical densities were calculated
for the motor cortex, dentate gyrus (i.e., ventral, dorsal), and the hippocampus (i.e., CA1, CA3).
The ANOVA conducted on motor cortex optical densities (Figure 25) failed to yield a significant
effect of genotype [F (1,34)=03.83, p=0.540,  =0.011], treatment [F(1,34)=0.622, p=0.436, 
2
p

2

p

=0.018], and genotype by treatment interaction [F(1,34)=3.263, p=0.080,  =0.088]. The
2

p

ANOVA conducted on ventral dentate gyrus optical densities (Figure 26) failed to reveal a
significant effect of genotype [F (1,34)=1.676, p=0.204,  =0.047], treatment [F(1,34)=3.302,
2

p

p=0.078,  =0.089], and genotype by treatment interaction [F(1,34)=2.168, p=0.150,  =0.060].
2

2

p

p

The ANOVA for dorsal dentate gyrus optical densities (Figure 27) failed to reveal a significant
effect of genotype [F (1,34)=1.074, p=0.307,  =0.031], treatment [F(1,34)=0.966, p=0.333, 
2
p

2

p

=0.028], and genotype by treatment interaction[F(1,34)=0.182, p=0.672,  =0.005]. Neither
2

p

genotype nor treatment had an effect on cholinergic projections to areas of the cortex and dentate
gyrus.

45

A

B

C

D

Figure 24: Photomicrographs of brain sections stained for acetylcholinesterase at the
level of the dorsal hippocampus. (A): HET-CON, (B): MUT-CON, (C): HET-ASO, (D):
MUT-ASO.

Figure 25: Motor cortex optical density. Mean (+ SEM) motor cortex optical density in
heterozygous and mutant mice treated with either ASO-C or ASO-29 at P5.
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Figure 26: Ventral dentate gyrus (vDG) optical density. Mean (+ SEM) ventral dentate gyrus
(vDG) optical density in heterozygous and mutant mice treated with either ASO-C or ASO-29 at
P5.

Figure 27: Dorsal dentate gyrus (dDG) optical density. Mean (+ SEM) dorsal dentate gyrus
(dDG) optical density in heterozygous and mutant mice treated with either ASO-C or ASO-29 at
P5.
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The ANOVA for CA1 optical densities (Figure 28) failed to reveal a significant effect for
genotype [F (1,34)=0.015, p=0.903,  <0.001] and treatment [F(1,34)=0.009, p=0.925, 
2

2

p

p

<0.001]; however, there was a significant genotype by treatment interaction[F(1,34)=6.490,
p=0.016,  =0.160]. A post hoc analysis (Tukey HSD, p<0.05) revealed that while control2

p

treated mutant mice had higher values (M=134.95), indicative of lower AChE concentrations,
mutant mice treated with the ASO-29 had lower values (M=122.91), indicative of an increase in
cholinergic function. The ANOVA conducted on CA3 optical densities (Figure 29) failed to
yield a significant effect of genotype [F (1,34)=1.010, p=0.322,  =0.029]; however, there was a
2

p

significant treatment [F(1,34)=4.154, p=0.049,  =0.109] and genotype by treatment interaction
2

p

[F(1,34)=11.227, p=0.002,  =0.248]. While control-treated mutant mice had higher values
2

p

(M=107.95), indicative of lower AChE concentrations, mutant mice treated with the ASO-29 had
lower values (M=87.72) indicative of an increase in cholinergic function. A post hoc analysis
(Tukey HSD, p<0.05) revealed that ASO-C-treated mutant mice had lower AChE than ASO-Ctreated heterozygous mice. Additionally, mutants treated with the ASO-C had lower AChE than
ASO-29-treated mutants. Overall, the ASO therapeutic produced an increase in
acetylcholinesterase in mutant mice; however, this was restricted to the CA1 and CA3 portion of
the hippocampus.
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Figure 28: CA1 optical density. Mean (+ SEM) CA1 optical density in heterozygous and
mutant mice treated with either ASO-C or ASO-29 at P5 (*p<0.05).

Figure 29: CA3 optical density. Mean (+ SEM) CA3 optical density in heterozygous and mutant
mice treated with either ASO-C or ASO-29 at P5 (*p<0.05).

CHAPTER 4
DISCUSSION

The goal of the current study was to examine the organization of exploratory movements
in heterozygous and mutant mice that were treated with a control ASO or the ASO-29.
Consistent with previous research, mice structured their exploratory movements into a series of
progressions and stops that were organized around a central location, or home base (Blankenship
et al., 2017; Drai et al., 2001; Eilam & Golani, 1989). Independent of testing condition (i.e., dark,
light) there were several group differences observed: ASO-C-treated mutants displayed more
circuitous paths and larger changes in heading relative to ASO-29-treated mutants and
heterozygous mice. In contrast, there were no differences observed among the measures total
distance traveled, peak speed, and average stop duration. While control-treated mutant mice
displayed selective disruptions in the organization of exploratory movements, mice treated with
the ASO-29 did not display these disruptions. In addition to improving vestibular function, the
ASO-29 therapeutic increased cholinergic positive fibers within the hippocampus of mutant
mice. The following sections will discuss Usher syndrome deficits related to spatial processing
and the effectiveness of the ASO-29 therapeutic attenuating these deficits, and finally it will
address the effects of Usher syndrome on hippocampal functioning.
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Usher Syndrome and Spatial Orientation Deficits
Under dark conditions, there were several differences observed in the organization of
exploratory movements among control-treated heterozygous and mutant mice. Compared to
heterozygous mice, control-treated mutants traveled along more circuitous paths and had larger
changes in heading. This pattern of results is consistent with tilted mice (Blankenship et al.,
2017). Although persistent circling was observed in control-treated mutant mice (Lentz et al.,
2010; Lentz et al., 2013), this behavior does not provide support for these differences. More
specifically, the observed differences are selective, suggesting that basic locomotor function was
not a significant contributor to the observed pattern of results. Conversely, group differences
driven by locomotor deficits would have been apparent in measures such as total distance
traveled and peak speed; however, mice had similar performance within these measures.
The disruptions in exploratory movement organization can be attributed to impaired selfmovement cue processing. As previously mentioned, self-movement cue processing requires
input from the vestibular system (Blankenship et al., 2017; Wallace et al., 2002; Yoder et al.,
2015). Aside from the current study, this processing has been associated with disruptions in other
mouse models of vestibular pathologies such as headbanger (Avni et al., 2009) and tilted
(Blankenship et al., 2017) mice. Although, impaired self-movement cue processing in ASO-C
mice were associated with decreased movement organization, it did not impair the ability to
establish a stable home base. This was evident by the high density of stop clustering both within
and between samples. While it is possible that mice relied on compensatory strategies such as the
use of tactile or olfactory cues, this result is unlikely given the observed pattern of results. In
Blankenship et al. (2017) and the current study, mice failed to organize their movements in
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reference to the plastic tab, which suggests that the given tactile cue (i.e., plastic tab) along with
subtle cues from the surface of the apparatus were not strong enough to have an influence on
establishing a home base. Although Gire et al. (2016) posit that mice utilize olfactory cues to
guide movement, the implementation of this strategy is unlikely given the kinematic profiles.
Once rodents have established a home base, they return to this location with fairly quick and
direct trajectories (Wallace, Hamilton & Whishaw, 2006; Wallace, Hines, & Whishaw, 2002);
conversely, when tracking odor cues, they tend to travel much slower and follow meandering
paths (Wallace & Whishaw, 2003). The current results align with previous work investigating
impaired self-movement cue processing; however, there may also be other information
processing deficits responsible for the disruptions in movement organization.
Similar to the dark phase of testing, there were several group differences observed among
exploratory movement organization under light conditions. ASO-C-treated mutant mice
demonstrated selective disruptions in the organization of exploratory movements. In regard to
behaviors associated with progressions, there were no differences observed in measures of total
distance traveled and peak speed. These findings provide further support that locomotor function
did not have a significant influence on the observed differences in exploratory movement
organization. Relative to heterozygous mice, mutant mice traversed more circuitous paths.
During stops, mutant mice had larger changes in heading compared to heterozygous mice.
Unlike within the tilted mouse model (Blankenship et al., 2017), control-treated mutant mice did
not display the compensatory mechanisms under light conditions. While both mouse models of
vestibular deficits demonstrated impaired self-movement cue processing, control-treated mutant
mice continued to exhibit disruptions in spatial orientation despite the access to environmental
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cues under light conditions. This result may be attributed to the loss of visual acuity associated
with retinal deterioration (Lentz et al., 2010; Yan & Liu, 2010). Although the visual impairments
from Type 1 Usher syndrome are well known in humans, further work is needed to fully
characterize visual function in the USH1C mouse model of Usher syndrome.

ASO-29 and Spatial Orientation
In contrast to the control-treated mice, those treated with the ASO-29 did not exhibit
differences in progression path circuity under dark conditions. Both heterozygous and mutant
mice treated with the ASO-29 therapeutic had more direct progressions compared to the ASO-C
mutants. Additionally, the ASO-29 was observed to attenuate the large changes in heading
observed in the ASO-C-treated mutants. Compared to control-treated mice, mice treated with the
ASO-29 had less dense first-order (within sample) stop clustering; however, there were no
differences observed among second-order (between sample) stop clustering. The similarity in
stop clustering behavior across samples indicates that despite the genetic mutation, mutant mice
are capable of establishing stable home bases as seen with heterozygous mice. Previous work
(Blankenship et al., 2017) has demonstrated the role of the vestibular system in maintaining
spatial orientation under dark conditions. Since the ASO-29 has been shown to attenuate
vestibular deficits associated with Usher syndrome, the administration of the treatment within the
current study may explain the improvements observed in exploratory movement organization.
Contrary to the findings among ASO-C-treated mice, there were no group differences
between mice treated with the ASO-29 therapeutic. The ASO-29 significantly improved
movement organization in mutant mice. This improvement among ASO-29-treated mice may be
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mediated by the increased expression and correct splicing of the USH1c gene responsible for
harmonin (Lentz et al., 2013) and thus vestibular function. In addition to attenuating vestibular
deficits, this treatment may have also influenced the ability to utilize environmental cues to
maintain spatial orientation by compensating for residual deficits in self-movement cue
processing. Alternatively, the ASO-29 may have enhanced retinal function to allow for the use of
visual cues to guide exploratory movements. Again, further work is needed to characterize the
visual function of the mouse model of Usher syndrome.

Effects of Usher Syndrome on Vestibular and Hippocampal Function
Changes in cholinergic function were observed within several areas at the level of the
dorsal hippocampus. Control-treated mutant mice exhibited cholinergic deafferentation in the
CA1 and CA3. However, mutants that were administered the ASO-29 showed an increase in
AChE. This may suggest that the vestibular deficits observed in ASO-C mice facilitated the
observed decline in cholinergic function; however, the ASO-29 therapeutic may have attenuated
cholinergic deafferentation via increased vestibular function. As Aitken et al. (2016) observed,
neurotransmission of ACh in the hippocampus is decreased following BVL. These results align
with previous research on vestibular damage within the clinical population suggesting structural
and functional changes of the hippocampus. While patients with vestibular pathologies display
decreased hippocampal function (Brandt et al., 2005; Schautzer, Hamilton, Kalla, Strupp, &
Brandt, 2003) and hippocampal volumes (Brandt et al., 2005; Hufner, Strupp, et al., 2011;
Kremmyda et al., 2016), individuals such as taxi drivers (Maguire et al., 2000) and professional
dancers and slackliners (Hufner, Binetti, et al., 2011) demonstrate an increase in volume.
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Although similar studies in rodents do not indicate hippocampal volume alterations
(Besnard et al., 2012; Zheng et al., 2012), subtler morphological changes may occur. Following
bilateral vestibular deafferentation, Balabhadrapatruni, Zheng, Napper, and Smith, (2016)
observed decreased basal dendritic length within the CA1. While control-treated heterozygous
mice had relatively high levels of AChE, as expected, those treated with the ASO-29 exhibited
decreased cholinergic function in the CA1 and CA3. Given that the heterozygous mice have
intact vestibular systems, the ASO-29 may have interfered with normal cholinergic function.
However, as demonstrated by the lack of behavioral deficits, this change does not appear to be
strong enough to have detrimental effects. These results suggest that there is a threshold to
cholinergic function, in that the decrease in AChE concentration was still at a level that would be
considered functional.
The role of the hippocampus in spatial orientation has also been supported by
electrophysiological studies in rodents. More specifically, hippocampal place cells have been
demonstrated to be sensitive to incoming visual and vestibular information (Sharp, Blair, Etkin,
& Tzanetos, 1995; Stackman et al., 2002). Place cells fire within a place field based on the
position of an animal’s head; these cells are most commonly found in the CA1 and CA3 regions
of the hippocampus (Muller, Ranck, & Taube, 1996). Vestibular damage has been associated
with decreased place cell activity (Russell et al., 2006; Stackman et al., 2002) and decreased
theta waves (Russell et al., 2006) within the hippocampus. The observed cholinergic
deafferentation within the regions of the hippocampus may also be a consequence of altered
place cells or theta waves. Additionally, head direction cells (HD) have been implicated in
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hippocampal function (Muller, Ranck, & Taube, 1996; Taube, 1998). These cells are located
within the postsubiculum (which is also a component of the hippocampus) and anterior dorsal
thalamic nuclei and are discharge when an animal’s head changes its direction in space (Muller,
Ranck, & Taube, 1996). Together, hippocampal place cells and head direction cells are believed
to be important components for facilitating spatial orientation (McNaughton et al., 1996; Taube,
1998). Furthermore, it has also been shown to impair the ability to encode environmental cuebased spatial relationships (Besnard et al., 2012; Ossenkopp & Hargreaves, 1993). This could
explain the continued disruptions of exploratory movement organization under light conditions.
Despite the access to environmental cues, ASO-C-treated mutant mice still exhibited deficits that
could be attributed to either the observed decrease in vestibular or hippocampal function. The
current study provides further evidence that the vestibular system and hippocampus are
intertwined.

Limitations and Future Directions
Given the novelty of examining the vestibular deficits in Usher syndrome using an indepth behavioral analysis, this line of research could be extended in several ways. First, the
current study only examined the exploratory behaviors of male mice. Given that the current
pattern of results aligns with previous research on the organization of exploratory movements in
female mice (Blankenship et al., 2017, Yoder et al., 2015) and rats (Wallace, Hamilton, &
Whishaw, 2006; Wallace, Hines, Pellis, & Whishaw, 2002; Whishaw, Hines, & Wallace, 2001),
sex may not have a significant influence on spatial orientation within exploratory tasks.
However, it is possible that females may respond differently to the ASO treatment and
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consequently behave differently. Previous research suggests that ASOs have similar
pharmacokinetic properties among species and sexes (Geary, Norris, Yu, & Bennett, 2015; Yu,
Grundy, & Geary, 2013). Conversely, there may be some differences among pharmacodynamics.
Hinrich et al. (2016) reported sexual dimorphism among Alzheimer’s mice treated with an ASO
therapeutic. In comparison to females, the ASO treatment was more effective in males; however,
this outcome be attributed to gender differences among Alzheimer’s disease. Therefore, further
work is needed to characterize the relationship between sex and the ASO therapeutic. More
specifically, further research is needed to examine this relationship within the context of
exploratory movement organization.
Furthermore, future studies utilizing electrophysiological techniques may provide a better
understanding of the function of the hippocampus and vestibular system in the Usher mouse
model. The significant results for the CA1 and CA3 regions within the current study may
indicate differences among place cells as well. Therefore, research is needed to characterize the
activity of these cells within the mouse model of Type 1 Usher syndrome. To conclude,
electrophysiology may provide a more in-depth neurobiological explanation of the observed
behavior relative to histological analyses.
Another direction for future studies would be to examine the effects of ASO
administration at varying time points. As demonstrated by Lentz et al. (2013), the time in which
the ASO-29 is administered is critical for rescuing auditory function. Mutant mice treated at P3
and P5 exhibited the greatest amount of recovery, while those treated at P10 did not benefit from
the treatment as well as those treated earlier. A similar study by Vijayakumar et al. (2017)
observed increased vestibular function in mice that were treated at P1. As Ponnath et al. (2018)
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demonstrate, the rescue of both inner and outer hair cells by ASOs also have a critical period for
optimal effectiveness. More specifically, the mechanotransduction properties of these hair cells
via gravity receptor function become fully developed between P2 and P10 (Vijayakumar et al.,
2017). Therefore, improvements in vestibular function may mirror the findings on auditory
function; by this account there may also be differences in exploratory movement organization.
According to Depreux et al. (2016), in utero ASO administration can influence gene expression
in the postnatal mice and consequently minimize the deleterious effects observed within
congenital disorders such as Usher syndrome. Given these differences in results among ASO
administration at varying time points, additional research is needed to characterize the
progression of vestibular deficits and the resulting influence on exploratory movement
organization.
Along these lines, future work is needed to characterize the long-term efficacy of the
ASO therapeutic and its effect on spatial orientation. Mutant mice treated with the ASO-29 have
demonstrated persistent improvements of auditory function (Lentz et al., 2013) at six months of
age. Thus, it is plausible that the improvements in vestibular function would also persist at this
time point. Testing the same mice at a later time point would provide insight to the progression
of deficits associated with Usher syndrome in addition to whether or not the ASO-29 continued
to attenuate the vestibular deficits.
Group differences among the measures of path circuity and change in heading appear to
be selective among mouse models of vestibular pathologies. Similar to the findings of the ASOC-treated mutants in the current study, tilted mice exhibited more circuitous paths and greater
changes in heading under dark conditions (Blankenship et al., 2017). However, under light
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conditions unlike ASO-C-treated mutants, tilted mice exhibited more direct paths (Blankenship
et al., 2017). One of the noted differences between these mouse models is that Usher mice
engage in circling behavior (Lentz et al., 2013), but tilted mice do not (Blankenship et al., 2017).
This aberrant behavior may contribute to the continued self-movement cue-processing deficits
observed under light conditions. Given that tilted mice lack this behavior, mice may have been
able to utilize environmental cues to compensate for the observed self-movement cue-processing
deficits. Alternatively, differences among the two mouse models may be attributed to visual
function. Although retinal degeneration in the mouse model of Usher syndrome has yet to be
fully investigated, decreased visual acuity may not allow for the use of environmental cues.
One limitation of the current study is the translatability to humans. There are several
differences in the manifestation of impairments between human and mouse Type 1 Usher
syndrome. Humans do not crawl or walk until around six months to a year, respectively, when
motor systems are further developed (Ciuman, 2011; NIDCD, 2008). Although individuals with
Usher syndrome experience delays in these milestones, they do not exhibit the circling and head
bobbing observed within the mouse model (Lentz et al., 2010). Compared to humans, vestibular
function is severely degraded in mutant mice; therefore, the observed deficits in spatial
orientation related to self-movement cue processing may not occur within the clinical population.
The main consequences of Usher syndrome are the auditory and visual impairments (Kimberling
et al., 2010; Lentz et al., 2010). In humans, structures of the ear develop and become functional
in utero at approximately 20 weeks gestation and the auditory system becomes fully functional
between 25-29 weeks gestation; this early development allows newborns to be able to hear at
birth (Graven & Browne, 2008; Hall, 2000; Litovsky, 2015). In contrast, rodents are born deaf
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and auditory function develops postnatally in rats at approximately P12-14 (Geal-Dor, Freeman,
Li, & Sohmer, 1993) and in mice at P10 (Beutner & Moser, 2001). As previously mentioned,
humans with Usher syndrome experience progressive blindness due to retinal degeneration
(Kimberling et al., 2010; Lentz et al., 2010; Lentz et al., 2013); however, there are mixed
accounts of visual function within the mouse model (Reiners et al., 2006, Yan & Liu, 2010).
These notable differences in the development of the sensory systems may contribute to the
efficacy of the ASO treatment.
Differences among developmental periods in humans and mice with Usher syndrome
may influence the time the ASO-29 therapeutic is administered. As Lentz et al. (2013) suggest,
the earlier treatment is administered, the more likely function of the sensory systems will be
rescued. For example, mutant Usher mice treated with the ASO-29 at postnatal day five
exhibited attenuated auditory function at two and six months of age (Lentz et al., 2013).
Therefore, it becomes important to develop methods of administration in which the ASO can be
delivered as early in life as possible. As Depreux et al. (2016) demonstrate, within a mouse
model, ASOs can be delivered in utero via the amniotic cavity with minimal risks to the mother
and fetus and thus address potential abnormalities before they manifest. Although more research
is needed on several aspects of antisense oligonucleotides, a viable treatment for individuals with
Usher syndrome may be within reach.

Conclusion
This study investigated the effects of Usher syndrome on self-movement cue processing.
More specifically, this study was able to provide insight on how a targeted ASO therapeutic can
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rescue vestibular function and improve movement organization in an exploration task. The
current study also adds to the existing literature of how vestibular pathologies influence spatial
orientation. By applying a novel sequential analysis technique, the organization of exploratory
behaviors were able to further highlight group differences and pinpoint subtle differences that
may have been overlooked with previous analyses. The results from the antisense
oligonucleotide treatment within this study may have clinical implications in humans who suffer
from the multisensory deficits associated with Usher syndrome. By obtaining a better
understanding of how Usher syndrome impacts spatial abilities, effective treatments can be
developed. Overall, the results from this study have the ability to contribute to the development
of other therapeutics that can treat genetic and neurodegenerative disorders that cause
impairments in spatial abilities.
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