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Abstract 
 

Parkinson’s disease (PD) is a neurodegenerative disease that affects millions of people 
around the world. Methods to alleviate the advanced symptoms of PD and improve the patient’s 
quality of life are burgeoning areas of research. Extensive research has been done on the 
cholinergic neurons and their role in alleviating advanced PD symptoms such as freezing of gait 
and postural control impairment. These research efforts have led to implementation of Deep 
Brain Stimulation (DBS) in the area as a form of therapy. However, there are three times as 
many GABAergic neurons and four times as many glutamatergic neurons in the area of interest 
as there are cholinergic neurons. Despite the population size, there has not been as much 
investigation into the role of the GABAergic and the glutamatergic neurons of the PPN on 
movement. The overarching goal of this study is to identify the role of the GABAergic and 
glutamatergic neurons in the PPN with respect to locomotion using mice models. To do so, 
optogenetics and 3D motion capture will quantify the effects on movement when the GABAergic 
and glutamatergic neurons of the PPN are stimulated. This study hypothesizes that stimulation of 
the GABAergic neurons will result in an inhibition of movement and will effect postural control 
while that of glutamatergic neurons will increase locomotion velocity. To do so, the study will 
explore the potential role of the GABAergic and glutamatergic neurons in the pedunculopontine 
nucleus by quantifying effects of optogenetic stimulation on motor behavior using 3D motion 
capture. Parameters that were explored in this study include, frequency, laterality of stimulation, 
time period of stimulation, and number of pulses during stimulation. The study showed that 
higher frequency and power stimulation of GABAergic neurons will inhibit movement of mice 
and increasing pulse number would extend the period of inhibition. The study also showed that 
higher frequency and power stimulation of glutamatergic neurons will increase movement of 
mice and novel spinning behavior. This study is significant because it quantifies the inhibitory 
motor role of the GABAergic neurons with novel qualifications in motor behavior as well as 
novel locomotor behavior of glutamatergic neurons in the PPN. This study can be used to 
identify the balance and locomotor role of brainstem regions such as the PPN on the behavior of 
mice. The findings may also demonstrate a need for more efficient DBS therapies that are neuron 
type specific to better alleviate the Parkinson’s disease side effects. 
 

Introduction 
 

Parkinson’s is a neurodegenerative disease first assessed by James Parkinson in 1817.1 

Characteristic symptoms include resting tremors, muscular rigidity, bradykinesia, and postural 
inability. Patients with Parkinson’s disease (PD) do not show any external changes in brain 
structure unless they also develop dementia. This would result in cerebral atrophy. Loss of 
pigmentation is present in the substantia nigra and locus coruleus. Loss of dopaminergic neurons 
in the substantia nigra as well as the formation of Lewy bodies are the anatomical manifestations 
of PD. Cell loss is usually found in the lateral ventral tier of the pars compacta.2 More than half 
of the nigral neurons must degenerate before symptoms of PD start to show. It is to be noted that 
the progressivity of the disease leaves most patients with a drastic reduction of up to 80% of the 
nigral neurons. The Alpha-synuclein protein forms Lewy bodies. Sequence analysis of the α-

                                                
1 Polymeropoulos, M. H. "Mutation in the -Synuclein Gene Identified in Families with Parkinson's Disease." 

Science, 1997. 
2 Mackenzie, Ian R.A. "The Pathology of Parkinson's Disease." BC Medical Journal, 2017.  



 3 

synuclein gene showed a single base pair change at place 209 from a guanasine to an adenine 
causing an alanine/threonine substitution.3 This substitution creates a new restriction site (Tsp45 
I). This mutation is seen in a majority of PD patients. Lewy bodies are spherical inclusions 
around 8 µm to 30 µm in diameter.4 They are made up of neurofilament proteins and ubiquitin. 
The presence of ubiquitin is important to note because it is a cell stress protein that usually labels 
damaged or unwanted cellular proteins for degradation.5It can be postulated that such Lewy 
bodies might be a response to the damaged neuronal components as PD progresses.  

Parkinson’s disease’s has many physical symptoms that make the lives of those afflicted 
very difficult. It causes akinesia, or the loss of voluntary movement, and gait disturbances in 
patients. Some patients also experience frequent falls and disabling freezing gait.6 It also causes 
bradykinesia, or slowness of movement. Bradykinesia affects all parts of the gait cycle. There are 
two hypotheses that one can draw from the symptom of bradykinesia. Either it can be caused by 
prolonged preparation timing that slows the entire process execution time or it can be the 
inability to properly coordinate limbs for normal gait. This points towards a problem with motor 
programming that stems from initiation. The initiation phase of the gait cycle involves a highly 
organized, repetitive pattern of limb movements accompanied with changes in posture.7 There 
are pre-planned motor programs that have to be connected in a correct order and synchronized 
for proper gait. In PD, the coordination of these programs is impaired. Gait initiation is of 
particular interest because it is a major problem for Parkinson’s patients.   

 The hierarchy of control is important to note in understanding the progression of PD. 
Upper brainstem neurons control axial and proximal limb musculature by projecting to the lower 
brainstem and the spinal cord using various pathways that include bilateral, midline, and 
descending pathways. The lower brainstem nuclei are affected by basal ganglia, specifically the 
globus pallidus interna (GPi), the subthalamic nucleus (SNc), and substantia nigra pars 
reticulata.8  

The basal ganglia is the target of most therapies for PD. Current methods of PD 
management include implanting deep brain stimulation (DBS) into the STN. More than 30,000 
patients have had this procedure done.9 DBS will not work for non-dopaminergic system 
damage. DBS helps fix tremor, bradykinesia, rigidity and dyskinesia. However, it does not stop 
falling or freezing.10 Overall, the benefits of DBS are minimal and do not stop the progression of 
the disease. Other treatment options include administration of L-DOPA, the precursor of 
dopamine. However, it looses efficacy over time and has side effects.11  

                                                
3 Polymeropoulos, M.H. 1997. 
4 Mackenzie, Ian R.A. 2017.  
5 Ibid.  
6 Mazzone, Paolo, et Al. "Implantation of Human Pedunculopontine Nucleus: A Safe and Clinically Relevant Target 

in Parkinson’s Disease." NeuroReport, 1994.  
7 Peter A. Pahapill, Andres M. Lozano, “The pedunculopontine nucleus and Parkinson's disease.”Brain, 2000. 
8 Ibid. 
9 Mazzone, Paolo, et Al. 1994.  
10 Morita, Hokuto, et Al. "Pedunculopontine Nucleus Stimulation: Where Are We Now and What Needs to Be Done 

to Move the Field Forward?" Frontiers in Neurology, 2014. 
11 Tykocki, Tomasz. "Pedunculopontine Nucleus Deep Brain Stimulation in Parkinson’s Disease." Researchgate, 

2017. 
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It is important to find a solution for the advanced stage PD symptoms such as freezing 
and falling. Freezing and falling can lead to poor quality of life and even death in PD patients. 
After a fall, fractures and aspiration pneumonia can both cause death in PD patients.12 Freezing, 
postural instability, and falls are not dopamine dependent thus cannot be solved by addressing 
the nigro-striatal pathway as traditional therapies, such as DBS and Levodopa, have worked.13 
These problems appear to be related to problems in the brain stem. 

Recently, problems with gait and posture has been attributed more to cholinergic neuron 
degeneration in the brainstem, particularly the pedunculopontine nucleus (PPN), than the classic 
model of dopaminergic neuron degeneration at the nigro-striatal pathway.14 Masdeu and his 
colleagues observed an 83-year old woman who couldn’t stand or generate steps as a result of 
hemorrhage into the pontomesencephalic junction.15 As PD progresses, researchers also found a 
parallel loss of cholinergic cells in the PPN. Furthermore, bilateral lesions of PPN cholinergic 
neurons affected gait and caused postural deficits.16 As a result of such findings, researchers 
postulated the PPN has a role in both posture and freezing that warrants extra exploration.  
 
PPN – Sleep and Addiction and Learning 
 

Researchers have explored extensively the role of the PPN in addiction and sleep. PPN 
has a role in sleep-wake cycle and can help PD patients with sleep disorders as it plays a role in 
wakefulness and REM sleep.17 The PPN can suppress burst firing that is present during slow 
sleep as well as control the single spikes that are found during REM sleep.18 This aspect of the 
PPN function was not explored in the current report. 
 

The PPN’s connection to the ventral tegmental area (VTA) also demonstrated a role in 
reward learning and addiction. Neuronal populations of the VTA have a role in operant 
conditioning. Dopamine transmission from the VTA has a role in not only motivation but also 
drug addiction. Operant conditioning is a form of skill conditioning that involves negative or 
positive reward or punishment.  Using anterograde tracing and optogenetics and mice models, 
Yoo and colleagues found that glutamatergic projections from the PPN caused positive 
reinforcement by stimulating dopaminergic, glutamatergic, and GABAergic neurons in the 
VTA.19 Furthermore, higher frequency stimulations of the glutamate PPN neurons correlated 
with higher VTA neuron firing as measured by excitatory post-synaptic currents in dopaminergic 
neurons of the VTA. Yoo and colleagues used a 40 Hz stimulation of glutamate neurons to 

                                                
12 Morita, Hokuto, et Al. 2014. 
13 Lau, Brian, et Al. "The Integrative Role of the Pedunculopontine Nucleus in Human Gait." Brain, 2015.  
14 Hu, Xiao, et. Al. “Selective Cholinergic depletion of pedunculopontine tegmental nucleus aggravates freezing of 

gait in parkinsonian rats” Neuroscience Letters, 2017. 
15 Masdeu, J. C, et. Al. “Ataxia and gait failure with damage of the pontomesencephalic locomotor region.” Ann 

Neurology, 1994. 
16 Hu, Xiao. 2017.  
17 Peppe, Antonella et Al. “Deep Brain Stimulation of Pedunculopontine Tegmental Nucleus: Role in Sleep 

Modulation in Advanced Parkinson Disease Patients—One-Year Follow-Up.” Sleep, 2017. 
18 Dunbar, J.S. “Excitotoxic lesions of the pedunculopontine tegmental nucleus of the rat. II. Examination of eating 

and drinking, rotation, and reaching and grasping following unilateral ibotenate or quinolinate lesions” Brain 
Research, 1992.  

19 Mayeli, Mahsa and Farzaneh Rahmani. “Commentary: Activation of Pedunculopontine Glutamate Neurons Is 
Reinforcing.” Frontiers in Behavioral Neuroscienc, 2017.  
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demonstrate increased VTA neuron firing. They also demonstrated that stimulation of the PPN 
could change behavior using a preference test. During the test, mice were presented with two 
water bottles, one of which had a sucrose solution while the other contained water. They noted 
that with optogenetic stimulation at the no sucrose water bottle, mice would prefer drinking from 
it over the sucrose solution water bottle despite the concentration of sucrose solution. They also 
noted that PPN lesions inhibited stimulus-reward learning. When lesioned, opiates and 
psychostimulants had reduced addictive effects.20 These potential roles of the PPN were not 
explored in the current report.   
 

Studies using monkey models also showed the role of the PPN in the prediction of a 
reward. The PPN had tonic activity during a saccade task and this activity only terminated after 
task execution. To further understand the activity of the PPN during the task, Okada and 
colleagues dissociated task reward from task completion. After having done so, they noted two 
populations of activity amongst the PPN neurons. Some of the PPN neurons showed reduced 
activity after the reward was delivered while others remained tonically active until the task was 
completed. The results showed PPN’s involvement in both task execution and reward prediction. 
Further analyzing the functional role of the PPN led to understanding the reward prediction error 
signal that is encoded by both the subthalamic nucleus (SNc) and the ventral tegmental area 
(VTA). These signals were controlled by the PPN by projections to the SNc and the VTA. When 
the PPN was lesioned, the SNc and VTA did not encode reward prediction correctly thus led to a 
failure in positive reinforcement in the presence of morphines and amphetamines. Researchers 
demonstrated that the PPN might have a role in understanding the magnitude of a task for 
positive reinforcement as well as executing the task. This led researchers to question the role of 
the PPN in relation to locomotion as execution of conditioned behavior was impaired when the 
PPN was lesioned.21  
 

Studies on mice models explored the role of the PPN in conditioned behavior execution. 
Dunbar and colleagues noted that when PPN was lesioned using Ibotenic acid, rats failed to learn 
avoidance tasks. This was a result of an inability to learn new associations. if the rats had learned 
the association prior to lesioning, then lesioning did not cause an effect or in ability to respond to 
the avoidance task.22 
 
PPN Location & Anatomy & connectivity 
 

Firstly, the location and anatomy of the PPN sheds greater light into its role in movement. 
The pedunculopontine nucleus is bordered by the superior cerebellar peduncle, by the medial 
leminscus (laterally) and substantia nigra (rostrally) and the cuneiform (caudally). In essence, the 
entire PPN is surrounded by Mesencephalic locomotor region (MLR). Its boundaries are 

                                                
20 Yoo, Ji Hoon et al. “Activation of Pedunculopontine Glutamate Neurons Is Reinforcing.” The Journal of 

Neuroscience, 2017. 
21 Okada, Ken-ichi, and Yasushi Kobayashi. “Reward and Behavioral Factors Contributing to the Tonic Activity of 

Monkey Pedunculopontine Tegmental Nucleus Neurons during Saccade Tasks.” Frontiers in Systems 
Neuroscience, 2016. 

22 Inglis, W.L, et Al. “Outflow from the nucleus accumbens to the pedunculopontine tegmental nucleus: A 
dissociation between locomotor activity and the acquisition of responding for conditioned reinforcement 
stimulated by d-amphetamine” Neuroscience, 1994. 
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disputed but most define it by the cholinergic neurons that make up the PPN.23 The 
extrapyramidal circuitry refers to the network connection between neostriatum, the globus 
pallidus, the subthalamic nucleus, substantia nigra, and the ventrolateral thalamus. Recently 
researchers have found that the PPN may be a part of this circuitry. Researchers used anterograde 
and retrograde transport studies that followed titrated amounts of proline, leucine, and lysine as 
well as horseradish peroxidase to show that the PPN projects towards the extrapyramidal 
circuity. They also noted that the PPN has reciprocal cholinergic connections to the 
extrapyramidal circuitry.24 

 

The PPN is also a part of the mesencephalic locomotor region (MLR). The MLR plays a 
role in postural control and execution of pre-programmed movements.  The MLR has been a 
topic of study for a long time. Rhines and Magoun electrically stimulated cats in their reticular 
formation after their cerebellum was disconnected from the spinal cord. When stimulated, they 
induced changes in muscle tone. Continued investigation of the reticular formation showed that 
electrical stimulation could elicit certain motor behaviors such as circling or even walking and 
galloping in animals that should have been immobile. It receives inputs from the lateral 
hypothalamus. PPN cholinergic neurons express OX1 (orexin-immunoreactiv) receptors. These 
neurons, Orexin neurons, fire during active locomotion. Orexin is made in the lateral 
hypothalamus.25 This places the PPN in having a functional role in mediating communication 
between the hypothalamus and the MLR. 
 

Before understanding its connectivity, understanding the anatomy of the PPN serves great 
insight. The PPN has a columnar structure and two sections, a pars dissipatus and a pars 
compactus (pars compacta) that refer to the anterior and posterior parts of the area respectively.26 
The neuronal populations of the PPN are varied. There are large cholinergic neurons and small 
Glutamatergic and GABAergic neurons. The Pars dissipatus contains all three types of neurons. 
The Pars compactus, the posterior part of the PPN, contains mostly cholinergic neurons. Piennar 
and colleagues estimated around 2,907 cholinergic neurons, 6500 GABAergic neurons and 
around 8000 Glutamatergic neurons. In PD progression, researchers noted that there was more 
cholinergic neuron loss than any other type of neuron (Glutamatergic or GABAergic) in the 
PPN. Researchers do not conclude that the death of dopaminergic neurons directly relates to the 
death of the cholinergic neurons. It could be mitochondrial dysfunction, oxidative stress, or 
glutamatergic toxicity.27   

To further understand the PPN, intracellular recordings were performed. Three types of 
neurons were observed. The type 1 was a fast burst neuron caused by depolarization or removing 
a hyperpolarizing current. These neurons are small spindle shaped or triangular shaped and had 
around 3-5 primary dendrites. They were glutamatergic and phasic. Type 2 cells fired single 

                                                
23 Mesbah, Alam, et Al. “The pedunculopontine nucleus area: critical evaluation of interspecies differences relevant 

for its use as a target for deep brain stimulation” Brain, 2011. 
24 Clifford B. Saper, “Projections of the pedunculopontine tegmental nucleus in the rat: evidence for additional 

extrapyramidal circuitry” Brain Research, 1984.  
25 Sherman, David et al. “Anatomical Location of the Mesencephalic Locomotor Region and Its Possible Role in 

Locomotion, Posture, Cataplexy, and Parkinsonism.” Frontiers in Neurology, 2015. 
26 Dunbar, J.S. et Al. 1992.  
27 Ilse S. Pienaar and Wilma van de Berg, “A non-Cholinergic neuronal loss in the pedunculopontine nucleus of 

toxin-evoked Parkinsonian rats” Experimental Neurology, 2013.  
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action potentials that take a long time to repolarize. They respond to depolarizing current and are 
medium sized neurons have 5 -7 dendrites. Half of these neurons are cholinergic and tonic. Type 
3 neurons were a bit of both. Identifying a cholinergic neuron was done by assessing spike 
characteristics and firing rate. Broad spikes, low and regular firing rate were cholinergic neurons 
while high spike, high firing rate neurons were non- cholinergic.28  

PPN receives inputs from the limbic and striatum and acts as a selective, coordination 
center. The inputs into PPN are the globus 
pallidus (GPi) and the substantia nigra 
(SNr). Pallidal pathways do not terminate 
on cholinergic neurons. Projections from 
SNr can terminate on cholinergic neurons 
but do not have a preference. The pallidal 
and SNr projections are GABAergic. More 
than 80% of GPi neurons send axons to the 
ventrolateral nucleus of the thalamus (of 
monkeys). PPN is more likely the target of 
pallidal outflow because the axonal 
diameter is large. Glutamatergic inputs are 
found in rats but not in monkeys. Inputs 
from cervical and lumbar segments have 
been shown in rats and cats but not 
monkeys.29 There was a marked decrease in 
population size and activity of ChAT 
neurons in Parkinsonian brains.30 The 
ChAT neurons are particularly important 
because they act as a relay station for spinal 
cord sensory afferents to the thalamus. 

The output of cholinergic neurons of the 
PPN are of prime interest with regards to 
locomotion. Mori and team assessed the 
role of the PPN both in regulating basal 
ganglia activity  

and in acting as a bridge between 
the basal ganglia and the cerebellum in order to facilitate movement. The cerebellum is involved 
in modification of behavior and error-based learning. The basal ganglia has a role in the reward 
system. There are two loops, one between the cerebellum and the cerebral cortex, and another 
between the basal ganglia and the cerebellum. Information from the latter loop project to the 
cerebral cortex via the PPN. Using the rabies virus in monkey models, Mori and team 
demonstrated that there are two loops that connect the cerebellum and the basal ganglia. They 

                                                
28 Peter A. Pahapill, Andres M. Lozano, 2000. 
29 Ibid. 
30 Bohnen, N.I. et Al. “History of falls in Parkinson disease is associated with reduced Cholinergic activity.” 

Neurology, 2009. 

Fig 1: Image of PPN connectivity from Tykocki, T., Mandat, T., 
& Nauman, P. (2011). Pedunculopontine nucleus deep brain 

stimulation in Parkinson’s disease.  
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demonstrated that the subthalamic nucleus (STN) reaches the cerebellar cortex via the PPN.31 
The STN to PPN projections are glutamatergic. During PD progression, there is a noticeable 
increase in activity of the STN and the cerebellum. By normalizing the STN activity using DBS, 
the cerebellar activity normalized and motor impairments were reduced.32 Since this loop has a 
demonstrated effect, the PPN, which mediates the STN to cerebellum pathway, shows a potential 
role in locomotion. Peppe and team also showed that, stimulation of the PPN can result in 
reduction of hyperactive inhibitory basal ganglia output on the thalamo-cortical pathway. The 
inhibitory basal ganglia output (via SNr) causes inhibition of movement using GABA 
projections. The disinhibition caused by PPN stimulation alleviates the freezing of gait.33 There 
was an alleviating effect that persisted during long term PPN stimulation as well.  
 

The cholinergic neuron loss in the PPN has been linked to reduced activity of the dentate 
nucleus. Vitale and colleagues demonstrated this link using rat models and micro stimulations of 
the PPN. Under normal conditions, the dentate nucleus responded to PPN stimulation after a 
latency of 2.3 +/ 1.4 milliseconds. When PPN neurons were destroyed through the use of 
ibotenic acid, the PPN stimulation reduced dentate nucleus neuron activation by 14.7 %. To 
quantify the neuronal loss of Cholinergic neurons due to ibotenic acid, NADPH diaphorase was 
used to stain neurons.34 

 
There are two types of output from the PPN: ascending and descending. There is more 

ascending than descending output. Ascending outputs project via dorsal and ventral tegmental 
pathways. These cholinergic projections go to thalamic nuclei. Cholinergic neurons that project 
to the thalamus comprise 60% of the output derived from PPN neurons while 90% of inputs to 
the thalamus are cholinergic. PPN efferents ascend along lenticular fasciculus and ansa 
lenticularis which are paths that project from the GPi. The output to SNr is cholinergic. It 
addresses the dopaminergic neurons of the SNr. It is to be noted that some PPN terminals that 
contact the dopamine neurons in the substantia nigra might also be activated by glutamate or 
acetylcholine. 40% of the PPN neurons project to the Subthalamic nucleus. This was confirmed 
when electrical stimulation of PPN led to non- cholinergic SNc neuron excitation.35 The 
dendrites of the pars compacta have cholinergic fibers from the PPN wrapped around them to 
increase the number of synaptic contacts.36 The descending projections from the PPN were 
primarily studied in non-primates and went short distances to the medullary reticular formation 
which then goes to spinal cord. They too were mainly non- cholinergic.  

The descending projections innervate targets in the brain stem and medulla for control of 
gait and posture. The ascending projections innervate the midbrain and fore brain, especially the 
basal ganglia.37  

                                                
31 Mori, Fumika et al. “The Pedunculopontine Tegmental Nucleus as a Motor and Cognitive Interface between the 

Cerebellum and Basal Ganglia.” Frontiers in Neuroanatomy, 2016. 
32 Ibid. 
33 Peppe, Antonella et Al. 2012. 
34 F. Vitale, “Cholinergic excitation from the pedunculopontine tegmental nucleus to the dentate nucleus in the rat” 

Neuroscience, 2016. 
35 F.Vitale. 2016. 
36 J.S. Dunbar. 1992. 
37 Martinez-Gonzalez, C., Andel, J. V., Bolam, J. P., & Mena-Segovia, J. (2013). Divergent motor projections from 
the pedunculopontine nucleus are differentially regulated in Parkinsonism. Brain Structure and Function. 
doi:10.1007/s00429-013-0579-6 
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Most importantly, the PPN has reciprocal connections with all its output and input 
regions. Dunbar and colleagues reported a system or cholinergic neurons sending outputs while 
non- cholinergic neurons receiving input from areas such as the basal ganglia, globus pallidus, 
and substantia nigra pars reticulata.38 The complexity of interactions is demonstrated by Alam 
and team’s hypothesis that “that degeneration of the pedunculopontine nucleus in Parkinson’s 
disease in humans [can]cause overactivity of the glutamatergic efferent projection from the 
subthalamic nucleus and [can] disinhibit the GABA-ergic interneurons in the pedunculopontine 
nucleus, which in turn might decrease the outflow in both ascending and descending circuitries 
of the basal ganglia”.39 

 
PPN Cholinergic neurons & Movement 
 

Cholinergic PPN neurons have an excitatory effect on the dopaminergic neurons in the 
substantia nigra. The amount of cholinergic neuronal damage correlate with the decrease in 
dopaminergic innervation.40 Motor impairments after PPN damage were noted by Xiao Hu and 
team. A catwalk test was used to analyze gait under the parameters, run duration, stride length, 
swing speed, stand and step cycle. When the SNc was lesioned, rats showed an increase in run 
duration, stand and step cycle, however, there was a decrease in stride length and swing speed. 
This represents bradykinesia which is an early symptom for PD patients. When both SNc and 
PPN were lesioned, there was significantly more freezing of gait. While there was freezing of 
gait as well as general impairments after PPN lesions, it is important to qualify the effects as a 
result of task complexity. When tasks had greater complexity, the PPN lesion showed greater 
impairment.41 Anterior PPN lesions led to greater motor deficits than those made to the dorsal 
PPN.42 Lisette and team found that unilateral lesions of the PPN affected fine motor skills of rats 
and poor bilateral coordination. Therefore, the quality of movement processing was affected.43  
 

The type of movement elicited by PPN stimulation are conditioned, non spontaneous, 
perfunctory movement. To control action once it has started requires a complex system that 
integrates on-demand sensory feedback, analysis of past experiences, and election of best course 
of action. The PPN aids the basal ganglia in making such decision by forming the 
aforementioned bridge between the thalamus, cortex, and striatum. The PPN makes decisions 
when a formal process of forebrain circuitry would take too long. It can also analyze sensory 
information of a stimulus in terms of reward or value. The PPN can pass on information to the 
basal ganglia to help it select from a variety of possible movement plans. One of its prime 
benefits is that it does fast processing.44 Dunbar and team proposed a similar theory of PPN’s 
involvement in movement. When they stimulated the PPN in their models, they noticed a 
stepping behavior and an inability to reach for food pellets. Dunbar and team associated this 

                                                
38 Ibid. 
39 Mesbah, Alam. et Al. 2011. 
40 Lisette Blanco-Lezcano,et Al. “Motor dysfunction and alterations in glutathione concentration, cholinesterase 

activity, and BDNF expression in substantia nigra pars compacta in rats with pedunculopontine lesion” 
Neuroscience, 2017. 

41 Hu, Xiao. 2017. 
42 Ilse S. Pienaar. 2013.  
43 Lisette Blanco-Lezcano. 2017. 
44 Gut, Nadine K., and Philip Winn. “ The Pedunculopontine Tegmental nucleus—A Functional Hypothesis from the 

Comparative Literature.” Movement Disorders , 2016. 
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effect as the PPN recruiting other regions to cause locomotion rather than as a direct cause of 
movement. They also viewed the PPN as an area that understands and modifies movement plans. 
One direct effect of PPN activity was muscle tone.45  
 

High frequency stimulation of PPN caused decreased movement because there was over-
inhibition of the PPN. However, low frequency resulted in disinhibition. This applied to both 
unilateral and bilateral stimulation. Some parameters that researchers used were 2.5, 5 and 10 Hz 
stimulation with a pulse width of 120 milliseconds. Others used a 5, 20, 50, 70 and 130 Hz 
stimulation frequency with a pulse width of 60 milliseconds. In both cases, there was a noted 
enhancement in movement and a reduction in falls in rodent models.46 

DBS & PPN 

Deep brain stimulation (DBS) was brought into the field in the 1990s.47 It is a staple in 
movement disorder treatment now. While DBS can lessen the severity of the symptoms, it cannot 
stop or slow down the progression of the disease. DBS of the PPN can work on patients that are 
not responding to traditional drugs such as L-DOPA. The logic behind DBS of the PPN is in the 
PPN’s interaction with the mesencephalic locomotor region (MLR). If the MLR is stimulated, 
stepping behavior increases. There are ‘on cells’ in the PPN that fire tonically during walking 
and cease firing when walking has stopped. The ‘off cells’ fire in a tonic pattern when 
locomotion is not happening. These are Type 2 neurons. Bursts by the Type 1 neurons modulate 
the frequency of the stepping pattern. When DBS was performed in the PPN of cats between 20-
60 Hz, the cat keeps moving. Experiments showed that there is a voltage window during which 
PPN stimulation increases locomotion. Outside this range, either above or below, can impair 
locomotion.48 This was seen in Macaque experiments. During stimulation between 2.5-10 Hz, 
there was an increase in locomotion, however, the high stimulation frequency of 45 Hz caused 
more akinesia.49 When the PPN is stimulated, there is prolonged depolarization of the thalamo-
cortical cells. The PPN collaterals cause dopaminergic innervations in midbrain neurons.50  

DBS has been used on patients before. Mazzone and his colleagues followed 2 patients 
with severe PD. These patients had severe postural instability and frequent falls. Their freezing 
gait and insensitivity to dopamine centered therapies resulted in Global Unified Parkinson’s 
Disease Rating Scale ratings of 76, 82.  The electrodes for the deep brain stimulation were placed 
on both STN and PPN. The STN target was AC-PC/2,12 mm lateral to the midline of the third 
ventricle and 4 mm below anterior posterior commissural plate. The PPN target was 13 mm 
lateral to the midline, 12.5/13mm below CP. The recording was done to remote infrared control. 
Signals were amplified and sampled. Spikes were discriminated from noise based on amplitude 
and potential shape. The results after implantation showed spike behavior in the PPN to be broad 
and irregular, and changing spatially. The firing rates started off with a silent zone. Firing rates 
increased to between 8 -29 Hz and then 3 mm caudal to trajectory track start, the firing pattern 

                                                
45 J.S. Dunbar, et Al. 1992.  
46 Mesbah, Alam. 2011. 
47 Tykocki, Tomasz. 2017. 
48 Peter A. Pahapill, 2000. 
49 Mazzone, Paolo. 2005. 
50 Tykocki, Tomasz. 2017. 
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turns to more high frequency firing (around 70 Hz) like SNr recordings. This is followed by a 
silent zone.51 

Thevathasan and his team also worked on a similar approach to verify PPN stimulation. 
Eleven patients had PPN stimulators implanted and had to go through a series of motor and 
attention based tests. The two criteria assessed were ‘Speed of Reaction’ and ‘Accuracy of 
Reaction’. The scores were contextualized with age and health of patients. Without stimulation, 
patients performed poorly on speed of reaction when compared to control. When stimulated 
between 20-35 Hz, the speed of reaction improved with statistical significance.  It is to be noted 
that the tasks with which this process worked were simple reaction time tasks. The stimulation 
was increasing general response time rather than discriminating between outliers. Acute 
stimulation increased gait but did not affect akinesia. Chronic stimulation resulted in decreased 
falls. Conclusion was that reaction times were decreased.52 

The difficulty with effectively stimulating the PPN to improve locomotion is selectively 
targeting the cholinergic neurons. The heterogeneous mix of cholinergic, GABAergic, and 
glutamatergic neurons is hard to select through. Also, even a 1 mm mistake when performing the 
surgery can greatly affect the functioning of the PPN. One method of solving this issue is to use 
optogenetics to selectively choose cholinergic neurons.  

Optogenetics is a precise method of controlling the function of specific channels in living 
tissue. At its core, it involves selection of precisely developed channels for manipulation by 
light. It can also be used for targeted imaging or electrical recording of evoked activity. Its 
importance stems from the ability to control chosen events in chosen cell types at specific times 
in intact systems. In other words, optogenetics solves the selection issue that was referenced 
earlier. The fundamental light gated ion channels to be used in optogenetics are halorhodopsin 
and channelrhodopsin. Halorhodopsin was discovered by Matsun-Yagi and Mukohata in 1977. 
Hegemann Nagel and his colleagues discovered channelrhodopsin in 2002.53 Halorhodopsin 
hyperpolarizes while channelrhodopsin depolarizes when stimulated. An example of labeling 
neurons using optogenetics was seen in Cheng Xiao and his colleagues work. Using a rat model, 
they optically linked the cholinergic neuron’s channelrhodopsin using the Cre-dependent adeno-
associated virus serotype 5 that was injected into PPN of ChAT-Cre rats. Light stimulation now 
would activate the cholinergic neurons as the channelrhodopsin channels depolarized. Only five 
to ten milliseconds of 20 Hz light stimulation was necessary for the needed acetylcholine to 
build. Any time shorter than five seconds would result in rapid break down by 
acetylcholinesterase. Researchers noted increased locomotion during an open field test as well as 
preference for the stimulation side during a conditioned place preference test.54  

                                                
51 Mazzone, Paolo. 2005. 
52 Thevathasan W, et Al. “The impact of low-frequency stimulation of the pedunculopontine nucleus region on 

reaction time in parkinsonism” Journal of Neurology, Neurosurgery & Psychiatry, 2010. 
53 Deisseroth, Karl. "Optogenetics." Nature News, 2010. 
54 Xiao, Cheng, et Al. "Cholinergic Mesopontine Signals Govern Locomotion and Reward Through Dissociable 

Midbrain Pathways." Neuron, 2016. 
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Pharmacogenetic studies of PD patients also show an increasingly important role of the 
PPN on movement. Researchers were able to reverse motor deficits in advanced Parkinson’s 
patients by activating cholinergic neurons using DREADD ligand, clozapine-N-oxide (CNO).55 

 

GABAergic neurons as topic of interest 
 

There has been much literature and research on the potential role of the PPN’s 
cholinergic neurons on movement. However, less research has been done on the effects of 
GABAergic activity on locomotion. This is particularly important for when using DBS on the 
PPN. Understanding the neuronal population that is being stimulated can contextualize effects as 
well as provide a need for greater selectivity in DBS targets to improve efficacy.  

 
There are more GABAergic neurons than cholinergic neurons in the PPN yet less is 

known about them. The GABAergic neurons send projections to the hypothalamus, subthalamic 
nucleus, and midbrain dopaminergic systems. While they are found primarily in the rostral PPN, 
they also have a high density cluster at the caudal PPN. Unlike cholinergic neuron organization, 
GABAergic neurons did not show an organized layered structure. They have a higher density 
than cholinergic neurons in the rostral PPN, but a lower density than cholinergic neurons in the 
caudal PPN. Therefore, there is an inverse topographic gradient of neuron density between 
GABAergic and cholinergic neurons.56  

 
Antibodies GAD65 and GAD67 mark GABAergic neurons. In PD patients, as the disease 

progresses, GABAergic neuron population is also affected. Researchers estimated an 18% loss in 
neuronal population. Cholinergic neuron populations were significantly affected with over 50% 
of the population being lost through the course of PD. There was also an increase in size of the 
soma of the GABAergic neurons from an average size of 28.7 +/- 0.71 µm2 to 32.25 +/- 
0.210.71µm2 . This increase was accompanied by a decrease in soma size of cholinergic neurons. 
There was also an increase in mitochondrial related protein, porin, expression level in 
GABAergic neurons. Cholinergic neurons had a significantly lowered porin expression.57 

 

GABA also affects learning and associations. GABA agonists, such as baclofen or saline, 
when injected into the PPN impaired memory performance especially as it decreased REM sleep. 
Fogel and team noted that while GABAergic activation is needed for REM to occur, when 
excessive, can impair the consolidation of memory that happens during REM sleep.58This effect 
was not studied in this report. 
 

                                                
55 Pienaar, Ilse S. et al. “Pharmacogenetic Stimulation of Cholinergic Pedunculopontine Neurons Reverses Motor 

Deficits in a Rat Model of Parkinson’s Disease.” Molecular Neurodegeneration, 2015.  
56 Mena-Segovia, J. et Al. “GABAergic neuron distribution in the pedunculopontine nucleus defines functional 

subterritories” J. Comp. Neurol, 2009. 
57 Pienaar, Ilse S., et al. “Mitochondrial Abnormality Associates with Type-Specific Neuronal Loss and Cell 

Morphology Changes in the Pedunculopontine Nucleus in Parkinson Disease.” The American Journal of 
Pathology, 2013. 

58 Fogel, S. M., Smith, C. T. and Beninger, R. J. “Increased GABAergic activity in the region of the 
pedunculopontine and deep mesencephalic reticular nuclei reduces REM sleep and impairs learning in rats.” 
Behavioral Neuroscience, 2010.  
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The GABAergic feedback circuit with the Basal ganglia points to possible role of the 
PPN GABAergic neurons in locomotion.59GABAergic neurons, when excited, cause inhibition 
of the PPN. When the glutamatergic PPN neurons are inhibited, muscle tone and locomotion is 
affected because glutamatergic neurons project to the brainstem reticulospinal neurons. 
Therefore, inhibition of the glutamatergic neurons by the GABAergic neurons can affect postural 
control and locomotion. Benarroch and team tested this effect by lesioning the PPN then using 
high frequency stimulation in the PPN in monkey models. The resulting behavior showed 
advanced PD symptoms. However, when the GABAergic neurons are inhibited using 
bicuculline, the GPi’s influence, which is inhibitory, is reduced, thus alleviating Parkinsonian 
symptoms in a manner that achieves results like L-DOPA treatment, on symptoms that do not 
respond to L-DOPA therapy.60 

 
The PPN receives inputs from the SNr that terminate on the GABAergic neurons of the 

PPN. When the SNr stimulates the GABAergic neurons, there is an overall inhibitory effect on 
the PPN. Researchers noted this effect both in vivo and in vitro. The effects of the SNr inhibition 
took an average of 5 milliseconds and depending on the saturation of stimuli, stimulus strength 
might increase to 500 µA. Latency of the inhibitory current was not altered despite the saturation 
or frequency of stimuli. All inhibitory post-synaptic currents that resulted from SNr stimulation 
ceased when bicuculline was introduced (30µM).61 

 

The indirect pathway, which leads to the inhibition of movement includes the cortex, 
neostriatum, globus pallidus, and subthalamic nucleus. Bevan and team, through anterograde 
labeling, noted that the dendrites of this pathway were receiving input from the GABAergic 
neurons of the PPN. The synapses contained several mitochondria, few vesicles, and were 
symmetrical contacts. These contacts are made with the subthalamic nucleus on neurons that are 
also receiving information from the globus pallidus. Therefore, activation of GABAergic 
neurons in the PPN could activate the indirect pathway.62  

 
By understanding the role of the GABAergic neurons in the PPN in locomotion, better 

modulation of movement can be achieved when using DBS. GABAergic neurons may be 
involved with inhibitory movement, therefore, this study hypothesizes that high frequency, high 
power, stimulation of GABAergic neurons will result in inhibition of movement accompanied 
with postural effects.  
 
Glutamatergic neurons as topic of interest 
 

In comparison to GABAergic neurons, glutamatergic neurons have been more 
researched. Some earlier research on glutamatergic neurons have been on their role in 
                                                
59 Martinez-Gonzalez, C. et Al. “Subpopulations of Cholinergic, GABAergic and glutamatergic neurons in the 

pedunculopontine nucleus contain calcium-binding proteins and are heterogeneously distributed.” European 
Journal of Neuroscience,2012. 

60 Benarroch, E. E. “Pedunculopontine Nucleus: Functional Organization and Clinical Implications.” Neurology, 
2013. 

61 Saitoh, K., Hattori, S. et Al. “Nigral GABAergic inhibition upon Cholinergic neurons in the rat pedunculopontine 
tegmental nucleus.” European Journal of Neuroscience, 2003. 

62 MD Bevan and JP Bolam. “Cholinergic, GABAergic, and glutamate-enriched inputs from the mesopontine 
tegmentum to the subthalamic nucleus in the rat.” Journal of Neuroscience, 1995. 
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reinforcement learning. Prior literature has shown a correlation between PPN activity and 
dopamine release in the nucleus accumbens which has a large role in reward learning as 
mentioned in this study. These results were based on lesion studies during which PPN lesions 
resulted in disruption of reward learning. Further research in glutamatergic projections noted that 
these projections can excite and control dopamine and non-dopamine neurons. To further study 
the nature of this control, Yoo and team focused on understanding PPN glutamate neuron role in 
reinforcement. Using anterograde tracing and optogenetics to selectively stimulate glutamatergic 
neurons in the PPN, they found that these neurons have a role in behavioral reinforcement. They 
noted that the glutamatergic neuron projections to the ventral tegmental area could be attributed 
to this behavioral reinforcement. This positive behavioral reinforcement was also seen in 
Pavlovian learning tasks. In Pavlovian conditioning, associating the acquiring the conditioned 
response is based on a concept of prediction or perception of incentives. When researching 
appetitive Pavlovian learning, Yau and team noted that PPN lesions impaired stimulus-reward 
learning because they could not predict the value of the incentive. There is a possibility that this 
effect can be related to the PPN’s role in relaying sensory information and modulating the 
activity of the VTA. This effect of losing reward learning was also seen when the glutamatergic 
neurons were optogenetically inhibited.63 
 
 The role of the glutamatergic neurons in movement is a burgeoning area of research. 
Animals need to move in order to find food, explore, and to escape threats. For mice, the walking 
process requires alternating leg movements and is at slow locomotor speeds whereas their gallop 
is synchronous movement.64 It has been observed that persistent stimulation of MLR results in 
persistent movement of mice. Furthermore, since both the indirect and direct pathway meet at the 
substantia nigra pars reticulata, further study of this area with respect to the PPN was done. 
Roseberry and team hypothesized that that the locomotor commands from the basal ganglia are 
relayed by the mesencephalic locomotor region to the central pattern generators in the spinal 
cord to cause movement. The mesencephalic locomotor region includes the cuneiform nucleus, 
the mesencephalic reticular nucleus and the pedunculopontine tegmental nucleus. While 
exploring the glutamatergic neurons, they noted that when using a pulse width of 10ms, trial 
duration of 5s and 20Hz stimulation, there was increased movement. There was a correlation 
between higher frequency and higher speed of the mouse at the end of the stimulation. 
Interestingly, cholinergic neurons, which have been previously studied were not considered 
sufficient for locomotion. This is because cholinergic neurons, when stimulated, cannot cause a 
mouse to start running if it was at rest. It only affects mouse speed once the mouse is moving. On 
the other hand, researchers noted that glutamatergic neurons are sufficient to cause locomotion 
because they can not only speed up, but also start locomotion.  
 

After running linear regressions, researchers noted that there were two populations of 
glutamatergic neurons, ones the predicted the state of locomotion while others that correlates 
with speed. Increased firing rate of the glutamatergic neurons, as a group, while the mouse was 
at rest predicted movement. Inhibition of the glutamatergic neurons caused deceleration and even 

                                                
63 Yau H-J, Wang DV, Tsou J-H, et al. Pontomesencephalic Tegmental Afferents to VTA Non-dopamine Neurons 
Are Necessary for Appetitive Pavlovian Learning. Cell Reports. 2016;16(10):2699-2710. 
doi:10.1016/j.celrep.2016.08.007. 
64 Caggiano V, Leiras R, Goñi-Erro H, et al. Midbrain circuits that set locomotor speed and gait selection. Nature. 
2018;553(7689):455-460. doi:10.1038/nature25448. 
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stopping behavior of mice. Therefore, inhibition of GABA or excitation of glutamatergic can 
cause basal ganglia driven locomotion. The researchers noted, through retrograde trans-synaptic 
labeling from glutamatergic neurons, that there are projections from large basal ganglia nuclei to 
the glutamatergic neurons. There were also projections from the central amygdala and the oval 
bed nucleus of the stria terminalis (ovBNST), both of which are GABAergic nuclei that cause 
freezing65. However, Caggiano and team noted that glutamatergic neurons were more involved in 
starting or manipulating speeds of the slow walking or the trotting of mice. Stimulation of the 
glutamatergic neurons would not cause sprinting or bounding of the mice. Caggiano contradicts 
other literature stating that the PPN needs the help of the cuneiform nucleus of the MLR to fully 
cause initiation of movement or to increase speed. The researchers used a treadmill task with 
inhibition of the neurons and observed the coordination of walking and general walking 
behavior. They did confirm previous observations that there was a correlation between the PPN 
glutamatergic neuron speed of firing and speed of mice locomotion by extracellularly recording 
PPN glutamatergic neurons. However, they noted that the glutamatergic neurons of the PPN 
selected for low speed movement while the cuneiform nucleus focused on high speed movement. 
When measuring exploratory behavior using average speed, distance travelled, and time spent 
traveling, Caggiano and team noted that glutamatergic neurons in the PPN had a great role in 
exploratory behavior as exploratory behavior is a slow locomotion behavior.  

 
The researchers also noted, through transynaptic labeling of the neurons that the 

Glutamatergic neurons receive inputs from the midbrain, basal ganglia nuclei, as well as the 
sensory, motor, and frontal cortices. There are reciprocal connections between the PPN and the 
cuneiform nucleus. The glutamatergic neurons project towards the motor and modulatory nuclei 
of the pons and these nuclei project to the spinal cord.  

 
 Josset and team noted that when optogenetically stimulating the glutamatergic neurons, 
that as laser power increased, the trial spikes, or reaction to stimulation, also increased. However, 
when length of trial was increased, there was a decrease in number of spikes. The optimal 
frequency of stimulation was 20 Hz. Josset and team noted that the response time of 
glutamatergic neurons was fast and that they affect flexor muscles mostly ipsilaterally during the 
swing and stance phases of mice movement.  They cause inhibition of the extensors muscles. 
Long stimulation of glutamatergic PPN increases stepping cycle of movement because it 
prolongs the time the extensor is active and prolongs the time before the flexor fires. This causes 
a slowing of the mice speed.  
 

Materials and Methods 
 
Experimental Overview 
 

The following study will be conducted to learn how optogenetic stimulation of the 
GABAergic and Glutamatergic neurons in the mice PPN affect movement using 3D motion 
capture to precisely quantify gait differences while stimulation frequency and pulse number were 
manipulated. By understanding the correlation of these parameters, one can better understand not 
only the role of the GABAergic neurons but also how the PPN may serve a role in advanced PD. 
                                                
65 Roseberry TK, Lee AM, Lalive AL, Wilbrecht L, Bonci A, Kreitzer AC. Cell-Type-Specific Control of Brainstem 
Locomotor Circuits by Basal Ganglia. Cell. 2016;164(3):526-537. doi:10.1016/j.cell.2015.12.037. 
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The open field task will test the characteristics of ambulation including freezing, postural 
differences, and gait. We hypothesize that higher frequency, higher power, bilateral stimulation 
of GABAergic neurons in the PPN of mice will cause a freezing of movement behavior. 
 
Ethics statement 
 

All procedures were approved by the Institutional Animal Care and Use Committee at 
Duke University and followed National Institutes of Health guidelines (Protocol Number: A027-
14-02).  
 
Preparation of GABAergic mice 
 

Two retrograde tracers were deposited in the PPN. This was done in order to determine 
the topographical organization. VGAT::Cre+ mice were used. PPN was injected using the AAV 
vector that includes the fluorescent reporter (enhanced yellow fluorescent protein, YFP). It also 
incorporates the light-activated channel(channelrhodopsin-2, ChR2)(AAV2-EF1a-DIO-hChR2-
YFP).66 To verify correct labeling of the neurons, a vector containing only the fluorescent 
reporter was introduced into the area. Likewise, the same vector was then injected into different 
parts of the brain that contained GABAergic neurons in order to confirm that only the 
GABAergic neurons in the PPN took up the fluorescence. Once identity of the cells has been 
confirmed, optogenetic stimulation of the cation channels labeled with channelrhodopsin-2 was 
performed. The control mice had Cre-recombinase in their GABAergic neurons but did not have 
channelrhodopsin, thus insensitive to light stimulation.  
 

To express ChR2 in PPN, we took advantage of a Cre driver line which expresses Cre 
recombinase. Mice homozoygous for the VGAT-IRES-Cre knockin were used. These mice are 
also known as the Slc32a1tm2(cre)Lowl knockin mice. IRES-CRE sequence was inserted 
downstream of the stop codon so that the endogenous VGAT gene promoter can control Cre 
expression. The Slc32a1 gene was found 3.5 kbp from the nonagouti locus. The mice have an 
agouti coat color if they are C57BL/6; FVB;129S6 VGAT-IRES-Cre mice. The coat color is 
attributed to the 129S6 A allele.  

 
A targeting vector was designed to insert the Cre recombinase gene. This vector was 

electroporated into 129S6/SvEvTac-derived W4 embryonic stem cells. The c57BL/6 blastocysts 
were injected with these stem cells. The resulting manipulated offspring were bred to wild type 
siblings. The heterozygous males were sent to The Jackson Laboratory Repository where they 
bred with C57BL/6 females in order to remake the colony. The resulting progeny made a 
homozygous line.67 
 
Preparation of Glutamatergic mice 
 

Mice homozoygous for the VGLUT2-IRES-Cre knockin were used. These mice are also 
known as the Slc17a6tm2(cre)Lowl knockin mice. IRES-CRE sequence was inserted downstream of 

                                                
66 Dautan, Daniel, et Al. "Segregated Cholinergic Transmission Modulates Dopamine Neurons Integrated in Distinct 

Functional Circuits." Nature Neuroscience, 2016. 
67 “Overview.” 016962 - STOCK Slc32a1/J, The Jackson Laboratory, www.jax.org/strain/016962. 
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the chromosome 7 stop codon of solute carrier family 17 member 6, or the endogenous VGLUT2 
gene promoter, can control Cre expression mice have an agouti coat color if they are C57BL/6; 
FVB;129S6 VGlut2-IRES-Cre mice.  

 
A targeting vector was designed to insert the Cre recombinase gene. This vector was 

electroporated into 129S6/SvEvTac-derived W4 embryonic stem cells. The c57BL/6 blastocysts 
were injected with these stem cells. The resulting manipulated offspring were bred to wild type 
siblings. The heterozygous males were sent to The Jackson Laboratory Repository where they 
bred with C57BL/6 females in order to remake the colony. The resulting progeny made a 
homozygous line.68 
 
Surgery  
 

Surgery will be performed following protocol developed by Dr. Henry Yin from Duke 
University. The following is an outline from Ryan A Bartholomew’s mice surgery protocol. 
Custom-made optic fiber implants (~5 mm length below ferrule, ~85% transmittance, 105-lm 
core diameter, 1.25-mm-OD ceramic zirconia ferrule; Precision Fiber Products, Milpitas, CA, 
USA) will be inserted bilaterally into dorsolateral striatum (Fig. 1).69 Mice will be anaesthetized 
using isoflurane during surgery. Burr holes will be drilled bilaterally at AP -4.4mm and ML +/- 
1.6 mm relative to Bregma. If not a control animal, virus will be injected at this burr hole. 
Implants were lowered 3.2 mm below the surface of the brain at a 6 degree angle. All implants 
were secured in place with skull screws and dental acrylic. Mice were then give 2.5 weeks to 
recover from surgery. Most mice showed effect from virus injection after 3 weeks. Both mice 
will use the same protocol. 
 
Adenovirus use 
 

Adeno-associated virus (AAV) vector that includes the fluorescent reporter (enhanced 
yellow fluorescent protein, EYFP) will be injected into the PPN of the VGAT::Cre + mice and 
the VGLUT2::Cre+ mice. The virus incorporates the light-activated channel(channelrhodopsin-2, 
ChR2)(AAV2-EF1a-DIO-hChR2-eYFP).  To verify correct labeling of the neurons, a vector 
containing only the fluorescent reporter will be introduced into the area. Likewise, the same 
vector will then be injected into different parts of the brain that contain GABAergic and 
Glutamatergic neurons in order to confirm that only the specified neurons in the PPN take up the 
fluorescence.  

 
The control mice will have Cre-recombinase neither their GABAergic nor glutamatergic 

neurons will have channelrhodopsin, thus will be insensitive to light stimulation.  
 
Optogenetic stimulation and motion tracking  
 

To explore the general effects of GABAergic neuron stimulation, we followed the 
following steps during which we manipulated power, frequencies, laterality, and pulse number of 

                                                
68 Overview. 016962 - STOCK Slc32a1/J. http://www.jax.org/strain/016963 
69 Bartholomew RA, Li H, Gaidis EJ, et al. Striatonigral control of movement velocity in mice. European Journal of 
Neuroscience. 2016;43(8):1097-1110. doi:10.1111/ejn.13187. 
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stimulation. We hypothesize that higher frequency and power stimulation would inhibit 
movement of VGAT:: Cre+mice and increasing pulse number would extend the period of 
inhibition. On the other hand, higher frequency and power will accelerate movement of 
VGLUT2::Cre+ mice. 3D motion capture will note changes in locomotion in the x, y, and z 
plane based on head and back markers. 

 
During each experimental session, mice were connected to a 473- nm-wavelength laser 

by two sheathed optic fibers. Detailed methods were described previously (Rossi et al., 2012, 
2013). For VGAT::Cre+ mice, power conditions of 5, 10, 15, and 20 mW (~ 85% transmittance) 
were used. Given this power output and the characteristics of the optic fiber implants, the 
estimated spread of light was sufficient to activate ChR2-expressing neurons roughly within 1.3 
mm from the fiber tip (calculated from the online calculator from the Deisseroth laboratory at 
Stanford University, CA, USA). For VGLUT2:: mice, we noted that as power increased, the 
effect on mice locomotion was affected to too great extent that we worried of potential damage 
to mice. As a result, we used only low power (~5mW) stimulation for mice. To show that 
increasing power positively correlates with movement velocity, we did perform a low frequency, 
varying power trial. Results of this experiment will be shown in the results section of this study.  
 

Three control mice were used while five mice had the virus injected during surgery. For 
4/5 virus mice used, a power of 20mW elicited behavioral effects while one mouse showed 
effects at 7.5 mW. Using this power settings, the stimulation parameters manipulated were 
frequency of stimulation, pulse duration, and unilateral vs bilateral stimulation. Each session 
consisted of 6 pulses that were 5, 10, 15, or 20 Hz in frequency. The inter-trial interveral was 
randomized between 20 and 45 second delay. During fixed pulse experiments, pulse number was 
kept at 10 and stimulation period was varied. However, if stimulation period was kept the same 
(5000ms), then pulse number would be varied. Both hemispheres of the mouse brain were 
stimulated separately after the initial bilateral stimulation. Therefore, a single mouse would 
under go experiments with bilateral and unilateral (both left and right) stimulation. During each 
experiment, all four frequency parameters would be tested. During separate experiments, pulse 
number would be manipulated.   
 

After performing this experiment, we will be able to see which powers are optimal to 
cause motor effects, quantify the motor changes, and to qualify the type of motor changes. We 
expect strong stimulation parameters (higher frequency, higher power, bilateral stimulation) to 
cause greater change in motor behavior. 
 

A 3D Osprey motion capture system using 7 cameras tracked the movement of the mice 
on a 6 x 6-inch platform using a head and back marker. The tracking data was processed in 
MatLab to isolate averages and standard error. Prism was used to graph the data. Heat maps for 
ambulatory pathways, recordings for velocities, and timing for freezing episodes were processed 
in NeuroExplorer. An overhead camera recorded the mouse’s movement throughout entire 
session.  
 
Preference of Optogenetics over other methods 
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Methods to selectively study the PPN without the use of optogenetics has existed before. 
Many studies follow the method of lesioning the PPN and then noting behavior changes. To 
selectively lesion cholinergic neurons, Dunbar and team used excitoxins that bind to glutamate 
receptors and AMPA receptors. The excitoxin used was 24nmol of quinolinate and ibotenate. It 
caused twice as much cholinergic neuron loss with half as much general damage as the next best 
excitoxin.70 Procaine can inhibit activity of PPN cholinergic neurons.71 Destruction of 
cholinergic neurons can also be accomplished through chronic treatment using rotenone toxin. 
Asides from Parkinsonian symptoms, Lewy bodies are also created in the striatum and the 
Substantia nigra pars compacta.72 We used optogenetics to have bidirectional selective control 
without lasting effects on mouse.  
 
Applicability of results beyond mice models 

The PPN is an important structure that has been conserved throughout evolution of 
vertebrates. There is a difference in basal ganglia role between humans and other animals. An 
example would be that humans use bipedal locomotion that is distinct from other bipedal 
mammals. However, evolution from quadripedal animals such as rats to bipedal animals did not 
affect fundamental anatomy or morphology. In Rats, PPN gets input from SNr while in primates, 
the PPN gets input from the globus pallidus medialis. The input from the globus pallidus 
medialis also affects more of the monkey PPN than the SNr does the rat PPN. Primates also have 
more dopaminergic terminals than mice.73 

Preliminary Data 

 The following data was obtained in order to narrow down the number of variables that 
have a great effect on locomotion. By doing so, we can standardize which variables to further 
explore on the VGAT::Cre and VGLUT2::Cre mice.  

 

                                                
70 J.S. Dunbar, et Al. 1992. 
71 W.L. Inglis et Al. 1994. 
72 Mesbah Alam, et Al. 2011. 
73Mesbah Alam, et Al. 2011. 
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Figure 2 a (Control): (a-l) The perievent raster plots map movement velocities using the 
straight, side, and vertical velocities of the head marker when stimulation power was at 20mW 
and pulse number was kept at 10 per trial and frequencies were varied: 5,10,20,40 Hz.  
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Figure 2 b (VGAT::Cre+) (a-l) The perievent raster plots above map movement velocities 
using the straight, side, and vertical velocities of the head marker when stimulation power was at 
20mW and stimulation period was kept at 5 seconds and frequencies were varied: 5,10,20,40 Hz. 
Note that during time stamps 0 – 5 seconds the velocity in the straight, side, and vertical axis gets 
closer to 0 as frequency increases. This shows inhibition of movement during stimulation of 
GABAergic neurons.  
 
Qualitative Data 
 

All control animals showed normal behavior during stimulation trials. When 4/5 
experimental mice were stimulated at low power (10 mW) and fixed pulse number (10) there 
was minimal to no change in behavior at low frequencies. Only at 40Hz did mice stop moving. 
Mice quickly moved away from stimulation area after trial. A head bobbing behavior was seen at 
lower frequencies that correlated with each pulse of the laser during stimulation. When power 
increased (20mW, pulse number = 10), mice would stop moving during high frequency 
stimulation and their head would drop down while their rear would raise almost as if they were 
trying to backtrack away from that area but they could not initiate movement.  Their front paws 
would be outstretched. At lower frequencies, their head would noticeably bob up and down with 
the pulses. After the stimulation period they would remain at that spot or, on occasion, move 
away. However, the stimulation place did not deter them from revisiting the same spot. Their 
whole body was rigid. When pulse number was varied and stimulation period was kept at 5 
seconds, the mice performed similar behavior for a prolonged period of time. The mice also 
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remained in the same spot after the 5 second stimulations. (See supplementary videos – 
Preliminary Data Vis) 
 
Preliminary Results 
 

Control mice showed no significant change in movement velocities (straight, side, or 
vertical) during the stimulation period as compared to pre/post stimulation period. Laterality did 
not show any behavior change either (see Figure 2a). During the low frequency stimulations 
(5Hz and 10Hz), 10 pulse number, 20 mW power, condition, specifically during the stimulation 
period, there is an effect of stimulation as evidenced by the oscillations the demonstrated a 
movement both forward and backward, left and right, up and down. The balance of the two 
opposites showed that after each pulse, there was an effect as well as an attempt to return to 
baseline. When bilaterally stimulated, oscillations as a result of the stimulation showed reduced 
velocities. When frequency was increased (20Hz and 40Hz) there was greater velocity changes 
when bilaterally stimulated than when unilaterally stimulated. Mice did not show a preference 
for any side. During the prolonged stimulation period of 5 seconds (pulse number varied), during 
lower power experiments (10 mW), mice best demonstrated a freezing behavior (little to no 
movement) when stimulated at high frequency (40Hz) (see Figure 2b (j,k,l,g,h,i) vs (a,b,c). 
When power was increased to 20 mW, freezing effects were elicited at a lower frequency of 20.  
In 4/5 mice, higher power of 20 mW was needed to lower the frequency threshold needed to 
elicit a freezing behavior. In 1/6 mice, at very low power, response was still elicited. This notes 
that maybe there is variability response across different mice and that one standard condition 
may not relate to motor behavior. This variability can be a result of varying channelrhodopsin 
expression levels. To rule out error during surgery, expression levels and location of the virus 
will be explored in histology. 
 
Exploration Conclusion 
 

After the initial exploration, variables two conditions that will be further tested are fixed 
time and fixed pulse. Under these conditions, power will be constant, but frequency of 
stimulation will vary: 5, 10, 20, 40 Hz. These conditions will be applied to both VGAT and 
VGLUT2 mice. 
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Data & Figures 
 

 
Figure 3: Velocity vs Time graphs of VGAT::Cre+ vs Control mice during 5 second stimulation 
trials. Specifically, the data above is that of the Type 1 mice that exhibit extreme inhibition 
during stimulation period. 
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Figure 4: Velocity vs Time graphs of VGAT::Cre+ vs Control mice during 5 second stimulation 
trials at different frequencies at 20 mW power. The data above is that of the Type 2 mice that had 
increased locomotion during stimulation.  
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Figure 5: Velocity vs Time graphs of VGAT::Cre+ vs Control mice when stimulated using 10 
pulses per event (6 events per stimulation trial at different frequencies at 20mW power). The 
data above is that of the Type 1 mice that exhibit inhibition then backtracking behavior after 
stimulation period.  
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Figure 6: Velocity vs Time graphs of VGAT::Cre+ vs Control mice when stimulated using 10 
pulses per event (6 events per stimulation trial at different frequencies at 20 mW power). The 
data above is that of the Type 2 mice that increased in locomotion during stimulation period and 
decreased after stimulation.   
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Figure 7: Velocity vs Time graphs of VGLUT2::Cre+ vs Control mice when stimulated for 1 
second at different frequencies at 5mW power. There was great backtracking behavior during 
stimulation period and locomotion increased greatly during stimulation period.  
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Figure 8: Velocity vs Time graphs of VGLUT2::Cre+ vs Control mice when stimulated for 10 
pulses per event (6 events per stimulation trial) at different frequencies at 5mW power. There 
was great backtracking behavior during stimulation period and locomotion increased greatly 
during stimulation period.  
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Figure 9: Velocity vs Time graphs of VGLUT2::Cre+ vs Control mice when stimulated for 10 
pulses per event (6 events per stimulation trial) at different frequencies at 5mW power for 2 
seconds. There was great backtracking behavior during stimulation period and locomotion 
increased greatly during stimulation period.  
 
 
 



 30 

Results 
 
VGAT – Fixed time 
 

At 20 mW power, our sample of VGAT::Cre+ mice exhibited two distinct behaviors. 
Two of our mice, which we called Type 1 mice, exhibited a significant reduction in movement 
during stimulation at various frequencies. As shown in Figure 3, during the stimulation period 
(times 0 – 5 seconds) there is a reduction in movement velocity in both straight and locomotion 
parameters. During lower frequency stimulations, these Type 1 mice would backtrack or walk 
backwards (See Supp. Videos 1a). The Type 2 mice, as seen in Figure 4, moved more during 
and after stimulation periods than did Type 1 mice. During high frequency stimulation, the Type 
1 mice would get really close to the ground with their front paws extended and their rear 
perched. After stimulation, these Type 1 mice would back track significantly. Type 2 mice, 
during high frequency stimulation, would experience slowness of movement compared to before 
or after stimulation. It is akin to walking through a more viscous medium.   

As Frequency increased the abrupt stopping of their movement was more pronounced as 
well as a significant backtracking after the stimulation period was over. For example, in Figure 3 
a 40 Hz stimulation-locomotion graph, at 5 seconds, shows an increase in locomotion in 
comparison to the locomotion velocities recorded during time 0 – 5 seconds. This effect of 
stimulation is also seen in the corresponding straight velocity graph. There are many spikes, 
largely negative, starting at the 5 second mark. Together, the negative straight velocity and the 
increased locomotion velocity corroborates the backtracking behavior noted in the videos (Upon 
request will be shared). For Type 1 mice, in Figure 3 as frequency increases, there is a spike in 
locomotion after the stimulation onset which correlates to a negative straight velocity spike, 
which then resolves towards little to no locomotion or straight velocity until the end of the 
stimulation period. This occurs because the mice are sprawling backwards quickly (assuming the 
aforementioned front paw extension, rear perch posture). As frequency increases, the violence at 
which the mice assume this posture increases, thus causing the spikes seen before the inhibition. 
In Figure 4, one notices that there is a reduction in locomotion velocity during stimulation 
period than pre or post stimulation. This effect was aforementioned.   
 

Table 1: Straight Velocity Means, SEM during Stimulation 

  Control Experiment - Type 1 Experiment - Type 2 

Frequency Mean SEM N Mean SEM N Mean SEM N 

5 0.046267184 0.015143864 3 0.044205353 0.020339472 2 -0.007807378 0.051804352 2 

10 -
0.004581556 

0.023119673 3 0.040647218 0.00142308 2 -0.078381762 0.02240593 2 

20 0.022154819 0.017972789 3 0.014334223 0.01880608 2 -0.024851309 0.015244525 2 

40 0.012358584 0.00582528 3 0.015396035 0.010492719 2 0.236178278 0.012776669 2 
 

 

Table 2: Straight Velocity Means, SEM during vs post Stimulation – Type 1 
 During stimulation - Type 1 Post stimulation - Type 1 

Frequency Mean SEM N Mean SEM N 

5 0.044205353 0.020339472 2 0.029507228 0.024810149 2 
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Table 3: Straight Velocity Means, SEM during vs post Stimulation – Type 2 

 During Stimulation - Type 2 Post Stimulation - Type 2 

Frequency Mean SEM N       

5 -0.007807378 0.051804352 2 -0.011732734 0.008532101 2 
10 -0.078381762 0.02240593 2 -0.149109884 0.028840929 2 
20 -0.024851309 0.015244525 2 0.052010887 0.000490527 2 
40 0.236178278 0.012776669 2 0.194482347 0.032990701 2 

 
Table 4 a : Straight Velocity 2-Way ANOVA – Type 1 
  SS DF MS F (DFn, DFd) P value 

  Interaction 0.005704 14 0.0004074 F (14, 36) = 1.089 P=0.3988 
  Stim period 0.003406 2 0.001703 F (2, 36) = 4.553 P=0.0173 

  Freq 0.01518 7 0.002168 F (7, 36) = 5.796 P=0.0002 

  Residual 0.01347 36 0.0003741   
 
 
 
Table 4 b : Straight Velocity 2-Way ANOVA – Type 2 
  SS DF MS F (DFn, DFd) P value 

  Interaction 0.01246 14 0.00089 F (14, 36) = 1.542 P=0.1455 
  Stim period 0.002922 2 0.001461 F (2, 36) = 2.532 P=0.0936 

  Freq 0.02326 7 0.003323 F (7, 36) = 5.76 P=0.0002 

  Residual 0.02077 36 0.000577   
 

Tables (1-4) quantify the effects of stimulation on the straight velocity of the mice. The 
straight velocity was determined by the movement in the x axis of the head marker used to track 
the mice’s movement. The visible effects seen were corroborated by the tracking as the mean 
straight velocity between control and experimental animals (either type) are significantly 
different based on frequency. In other words, Frequency has an effect on both types of mice 
straight velocity. Type 1 mice also exhibit significant changes in straight velocity when 
comparing sitmulation period with the staright velocities prior or after the stimulation period. 
This is not found in Type 2 mice as they seem to have similar if not increased exploratory 
behavior during stimulation period. A larger sample size and further study will increase 
significance of the backward movement and inhibition seen in the Type 2 mice.  
 

In Type 1 mice, as seen in Table 2, there is significant back tracking that happens after 
stimulation period. The Type 1 mice reduce in their straight velocity as seen in Table 2 For Type 
2 mice, the backward head movement is less well defined as frequency increases as seen in 

10 0.040647218 0.00142308 2 -0.018729919 0.015634272 2 

20 0.014334223 0.01880608 2 -0.004588328 0.007796571 2 

40 0.015396035 0.010492719 2 -0.00185563 0.000310263 2 
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Table 3. However, the differences in locomotion can better shed light on the fixed time 
stimulation of VGAT neurons.  
 

Table 5 : Locomotion Velocity Means, SEM during Stimulation 
  Control Experiment - Type 1 Experiment - Type 2 

Frequency Mean SEM N Mean SEM N Mean SEM N 

5 0.046267184 0.015143864 3 0.288235618 0.03055732 2 0.226540252 0.140239254 2 
10 0.047654991 0.02218354 3 0.172642322 0.021103191 2 0.254443891 0.040286593 2 
20 0.045986039 0.008785661 3 0.139606919 0.014542308 2 0.22477232 0.03667611 2 
40 0.037398971 0.026990983 3 0.121427932 0.008928322 2 0.236178278 0.012776669 2 

 
Table 6: Locomotion Velocity Means, SEM during stimulation vs post stimulation – Type 1 

  During Stimulation - Type 1 Post Stimulation - Type 1 

Frequency Mean SEM N Mean SEM N 

5 0.288235618 0.03055732 2 0.155169327 0.003105239 2 
10 0.172642322 0.021103191 2 0.051729615 0.011996085 2 
20 0.139606919 0.014542308 2 0.037108719 0.0012693 2 
40 0.121427932 0.008928322 2 0.051416279 0.002600962 2 

 
Table 7: Locomotion Velocity Means, SEM during stimulation vs post stimulation – Type 2 
  During Stimulation - Type 2 Post Stimulation - Type 2 

Frequency Mean SEM N Mean SEM N 

5 0.226540252 0.140239254 2 0.192691202 0.078638594 2 
10 0.254443891 0.040286593 2 0.241902084 0.001555776 2 
20 0.22477232 0.03667611 2 0.224747391 0.069655956 2 
40 0.236178278 0.012776669 2 0.194482347 0.032990701 2 

 
Table 8 a : Locomotion Velocity 2-Way ANOVA – Type 1 
  SS DF MS F (DFn, DFd) P value 

  Interaction 0.1141 14 0.008152 F (14, 36) = 5.983 P<0.0001 
  Stim period 0.04514 2 0.02257 F (2, 36) = 16.56 P<0.0001 
  Freq 0.1105 7 0.01578 F (7, 36) = 11.58 P<0.0001 
  Residual 0.04905 36 0.001362   

 
Table 8 b : Locomotion Velocity 2-Way ANOVA – Type 2 
  SS DF MS F (DFn, DFd) P value 

  Interaction 0.04605 14 0.003289 F (14, 36) = 0.9797 P=0.4919 
  Stim Period 0.03178 2 0.01589 F (2, 36) = 4.733 P=0.0150 
  Freq 0.373 7 0.05328 F (7, 36) = 15.87 P<0.0001 
  Residual 0.1209 36 0.003357   
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Frequency results showed great effect as seen in the Figure 3 and these effects were 

significant.  Stimulation period, which refers to Pre- , During- , or Post-stimulation periods, was 
significant for both animals. Therefore, the inhibition or activation of movement seen in both 
animals is significant and due to stimulation. The 2-Way ANOVA also notes that Frequency has 
a significant effect on locomotion behavior of both the mice. While this shows that there is a 
strong locomotor behavior, this does create perplexing results. Further study into the 2 separate 
groups of animals will be needed to understand why 1 group increase in locomotion while the 
other decreases in locomotion significantly. There is an interaction effect in Type 1 animals 
which is of great interest. The lack of interaction effect in the Type 2 mice will need a larger 
sample size to validate. When looking at Figure 3 & 4, the five second stimulation period had a 
significant effect either by increasing or decreasing locomotion velocities. 

 
VGAT – Fixed Pulse  
 

At 20 mW power, our sample of VGAT::Cre+ mice again exhibited two distinct 
behaviors. The Type 1 and Type 2 mice exhibited more backtracking behavior as frequency 
increased. However, after a certain frequency threshold, they would experience inhibition of 
movement (see Figure 5 & 6) during the stimulation period and dramatically increase 
locomotion (backtracking) after wards. These effects were seen in 20 Hz (after the 0.5 second 
mark) and at 40 Hz (after 0.25 second mark). The negative spiking patterns in both Type 1 & 2 
mice showed a backtracking movement. Together, the negative straight velocity and the 
increased locomotion velocity corroborates the backtracking behavior noted in the videos (Supp. 
Videos 1b) 
 

Table 9: Straight Velocity Means and SEM during stimulation  
 Control Experimental - Type 1 Experimental - Type 2 

Frequency Mean SEM N Mean SEM N Mean SEM N 

5 -0.029460291 0.010728087 3 0.024906499 0.037317747 2 -0.039922335 0.036314538 2 

10 -0.015779784 0.011312758 3 -0.026163264 0.008774529 2 -0.045363132 0.01237186 2 

20 -0.00753027 0.011407263 3 -0.039135822 0.038142904 2 0.023950693 0.045214306 2 

40 0.015254308 0.017654298 3 -0.013859965 0.031701405 2 0.000345915 0.041539089 2 

 
Table 10: Straight Velocity Means and SEM during vs post stimulation – Type 1  

 
During Stimulation - Type 1 Post stimulation - Type 1 

Frequency Mean SEM N Mean SEM N 

5 0.024906499 0.037317747 2 -0.028069284 0.003532464 2 
10 -0.026163264 0.008774529 2 -0.009047855 0.023162379 2 
20 -0.039135822 0.038142904 2 -0.014262208 0.008405005 2 
40 -0.013859965 0.031701405 2 0.029958229 0.020202087 2 

 
Table 11: Straight Velocity Means and SEM during vs post stimulation – Type 2 

 
During Stimulation - Type 2 Post stimulation - Type 2 
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Frequency Mean SEM N Mean SEM N 

5 -0.039922335 0.036314538 2 -0.031396725 0.004948771 2 
10 -0.045363132 0.01237186 2 0.059514728 0.005718899 2 
20 0.023950693 0.045214306 2 -0.006596058 0.007811716 2 
40 0.000345915 0.041539089 2 0.023942166 0.017437533 2 

 
 

Table 12 a.: Straight Velocity 2-Way ANOVA – Type 1 
 SS DF MS F (DFn, DFd) P value 

  Interaction 0.05167 14 0.00369 F (14, 36) = 2.045 P=0.0422 
  Stim Period 6.759e-005 2 3.38e-005 F (2, 36) = 0.01873 P=0.9815 
  Freq 0.002736 7 0.0003908 F (7, 36) = 0.2166 P=0.9792 
  Residual 0.06497 36 0.001805   

 
 

Table 12 b.: Straight Velocity 2-Way ANOVA – Type 2 
 SS DF MS F (DFn, DFd) P value 

Interaction 0.02836 14 0.002025 F (14, 36) = 1.386 P=0.2100 
  Stim Period 0.01131 2 0.005655 F (2, 36) = 3.869 P=0.0301 
  Freq 0.005812 7 0.0008303 F (7, 36) = 0.5681 P=0.7767 
  Residual 0.05261 36 0.001461   

 
In Type 1 mice, there was no significant effect of stimulation period (whether it was pre, 

during or post stimulation) on straight velocity. In Type 2 mice, there was significant effect on 
straight velocity due to stimulation. However, both animals did not show any significant effect as 
frequency increased. These results nor were there any significant effects due to changes in 
frequency of stimulation.  However, in Type 1 mice, there is an interaction effect that is 
significant which hints to an interplay between frequency and stimulation period. Further study 
and a larger sample size would best increase significance of findings.  
 
Table 13: Locomotion Velocity Means and SEM during stimulation  
 Control Experimental - Type 1 Experimental - Type 2 

Frequency Mean SEM N Mean SEM N Mean SEM N 

5 0.12895736 0.022475318 3 0.315526407 0.0843442 2 0.248288695 0.002766573 2 
10 0.183714637 0.054578307 3 0.32381278 0.010113929 2 0.193812217 0.012722231 2 
20 0.209013649 0.059438442 3 0.287560847 0.128264255 2 0.216121115 0.039891017 2 
40 0.11069678 0.0124075 3 0.449508456 0.053133053 2 0.299145961 0.086475637 2 

 
Table 14: Locomotion Velocity Means and SEM during vs post stimulation – Type 1 
 During stimulation - Type 1 Post-stimulation - Type 1 

Frequency Mean SEM N Mean SEM N 

5 0.315526407 0.0843442 2 0.289700515 0.056313752 2 
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10 0.32381278 0.010113929 2 0.313311197 0.137787204 2 
20 0.287560847 0.128264255 2 0.123333317 0.066607912 2 
40 0.449508456 0.053133053 2 0.260117259 0.05474616 2 

 
 
Table 15: Locomotion Velocity Means and SEM during vs. post stimulation – Type 2 

 During stimulation - Type 2 Post-stimulation - Type 2 

Frequency Mean SEM N Mean SEM N 

5 0.248288695 0.002766573 2 0.349863222 0.037662885 2 
10 0.193812217 0.012722231 2 0.23977905 0.026239364 2 
20 0.216121115 0.039891017 2 0.203927041 0.00087636 2 
40 0.299145961 0.086475637 2 0.27222806 0.119512688 2 

 
Table 16 a : Locomotion Velocity 2-Way ANOVA – Type 1 
 SS DF MS F (DFn, DFd) P value 

  Interaction 0.3926 14 0.02804 F (14, 36) = 1.506 P=0.1585 
  Stim Period 0.1477 2 0.07386 F (2, 36) = 3.967 P=0.0277 
  Freq 0.8314 7 0.1188 F (7, 36) = 6.38 P<0.0001 
  Residual 0.6702 36 0.01862   

 
 
Table 16 b : Locomotion Velocity 2-Way ANOVA – Type 2 
 SS DF MS F (DFn, DFd) P value 

  Interaction 0.1595 14 0.01139 F (14, 36) = 1.412 P=0.1979 
  Stim Period 0.05189 2 0.02595 F (2, 36) = 3.216 P=0.0519 
  Freq 0.2065 7 0.0295 F (7, 36) = 3.656 P=0.0044 
  Residual 0.2905 36 0.008069   

 
As frequency increased, the velocity at the tail end of the stimulation period increase 

much more thus causing a higher mean during stimulation period. While, as seen in Figure 5&6, 
Type 1 mice were largely inhibited during stimulation and then quickly backtracked at the tail 
end of the stimulation period, the Type 2 mice were moving at a greater velocity during 
stimulation. For Type 1 mice both stimulation period (whether Pre, During, or Post stimulation) 
and frequency had an effect on locomotion velocity. While an interaction effect may need a 
greater sample size to determine significance, the current data shows that as Frequency increases, 
there is significant effects to locomotion that are significantly different than locomotion 
velocities outside of stimulation periods. For Type 2 mice, there is significant effects of 
stimulation frequency on locomotion. However, their general increased locomotion needs a 
greater sample size to verify.Linear regressions were run on Type 1 and Type 2 mice straight and 
locomotion velocities. Both Type 1 and Type 2 did not have a significant R2 value for their 
respective linear regressions. For Type 1 locomotion velocity, there was no significance, 
however, Type 2 locomotion velocity had a significant R2 of 0.6065. 
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VGLUT2- Fixed Time 
 

At 5mW power, our sample of VGLUT2::Cre+ mice exhibited a novel backtracking and 
stereotyped circling behavior. As frequency increased, the velocity at which the mice 
backtracked or spun increased. We did not see a particular side preference for spinning. For 
example, one mice spun clockwise, while another spun counter-clockwise, while yet another 
spun both ways. The stimulation period was only for 1 second so that the distance backtracked or 
the amount spun by the mice would not harm nor tire the mice. As can be see in Figure 7, mice 
straight velocity and locomotion corresponded to the number of pulses (especially visible at 5 Hz 
and 10 Hz). The negative spiking pattern in the straight velocity at these lower frequencies show 
backwards head movement. However, at higher frequencies, you note an increasing of 
locomotion (20Hz and 40Hz) as well as greater amplitude in negative straight velocity. These 
figures are summarized in the 3rd column of Figure 7 where the mean velocities of the animals 
during different stages of the experiment were logged. The table below shows these results as 
well.  
 
Table 17: Straight Velocity Means, SEMs during stimulation 
  Control Experimental 

Frequency Mean SEM N Mean SEM N 
5 -0.032525136 0.00685704 3 -0.076299008 0.057655913 3 
10 -0.01629985 0.01760783 3 -0.088897578 0.091735502 3 
20 -0.00595208 0.015666064 3 -0.015754525 0.032710489 3 
40 0.018449204 0.020168424 3 -0.031477648 0.029273673 3 

 
 
Table 18: Straight Velocity Means, SEMs, pre vs during stimulation of experimental animals 

  Pre stimulation  During stimulation 

Frequency Mean SEM N Mean SEM N 

5 0.012313723 0.007307457 3 -0.076299008 0.057655913 3 
10 0.006173564 0.013706262 3 -0.088897578 0.091735502 3 
20 -0.031205408 0.02170497 3 -0.015754525 0.032710489 3 
40 0.008304126 0.012302719 3 -0.031477648 0.029273673 3 

 
There is more negative velocity as frequency increases when comparing the means 

between Control and Experimental animals especially at 20 and 40 Hz as seen in Table 17.  
Table 18 shows that in terms of straight velocity, prior to stimulation, the mice were exploring or 
moving forward, but at every stimulation frequency, they would back track or move backwards 
(negative mean values).  
 
Table 19: Straight Velocity 2-way ANOVA 

  SS DF MS F (DFn, DFd) P value 

Interaction 0.1003 14 0.007162 F (14, 48) = 2.42 P=0.0118 
  Stim period 0.06245 2 0.03123 F (2, 48) = 10.55 P=0.0002 
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  Freq 0.04755 7 0.006793 F (7, 48) = 2.296 P=0.0421 
  Residual 0.142 48 0.002959   

 
A 2 way ANOVA was completed to understand interaction and significance for straight 

velocity. Both frequency and stimulation period had an effect on the straight velocity of the 
mice. The two factors interacted as well showing that the mice were being affected not only as a 
result of stimulation but the effect correlated with increasing frequency follow the pattern of data 
seen in Figure 7. 
 
Table 20: Locomotion Velocity Means, SEMs, Sample size During Stimulation 

  Control Experimental 

Frequency Mean SEM N Mean SEM N 
5 0.128531755 0.018364421 3 0.6513305 0.153246277 3 

10 0.180823577 0.051201386 3 0.6513995 0.025999552 3 
20 0.208775407 0.061792761 3 0.801565614 0.232460003 3 
40 0.110062792 0.01223989 3 0.737786247 0.141796763 3 

 
Table 21: Locomotion Velocity Means, SEMs, pre vs during stimulation of experimental animals 
  Pre stimulation  During stimulation 
Frequency Mean SEM N Mean SEM N 

5 0.433006164 0.16153106 3 0.6513305 0.153246277 3 
10 0.25190226 0.064098267 3 0.6513995 0.025999552 3 
20 0.356035421 0.125066712 3 0.801565614 0.232460003 3 
40 0.415810666 0.193278296 3 0.737786247 0.141796763 3 
 

There is a much higher locomotion velocity during trial for experimental animals as 
compared to control at all frequencies as can be seen in Tables 20 & 21. 
 
Table 22: Locomotion Velocity 2-way ANOVA 

  SS DF MS F (DFn, DFd) P value 

Interaction 14.5 14 1.036 F (14, 48) = 18.2 P<0.0001 
  Stim Period 7.323 2 3.661 F (2, 48) = 64.35 P<0.0001 
  Freq 14.42 7 2.061 F (7, 48) = 36.22 P<0.0001 
  Residual 2.731 48 0.05689   

 
After completing a 2-Way ANOVA, with results shown above, there are statistically 

significant significant relationships between altering frequency on mice locomotion as mice 
increased in mean velocity when comparing control with experimental animals at (p <0.0001) as 
well as amongst stimulation periods (whether Pre, During, or Post) (p<0.0001) and the two 
factors interact significantly(p<0.0001). Therefore, as frequency increases, there is an increase in 
movement of mice. 
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Supplemental videos for viewing this behavior can be accessed upon request. The 
findings of both straight and locomotion velocity follow the data found in Figure 7. The linear 
regression (Supp. Figure 3 & 4) was completed and generated a linear slope that had a non 
significant R2 value of 0.182 for straight velocity. For locomotion velocity, the linear regression 
did find significance at R2 = 0.7906.  
 
VGLUT2 – Fixed Pulse 
 

At 5mW power, our sample of VGLUT2::Cre+ mice exhibited significant backtracking 
and stereotyped circling behavior much as was seen in the fixed time experiments. As frequency 
increased, the velocity at which the mice backtracked or spun increased. We did not see a 
particular side preference for spinning as was previously noted. The fixed pulse number was 10, 
which resulted in altered stimulation periods (5Hz - 2 seconds, 10Hz - 1 seconds, 20 Hz - 0.5 
seconds, and 40 Hz - 0.25 seconds).  As you can see in Figure 8, mice straight velocity and 
locomotion corresponded to the number of pulses (especially visible at 5 Hz and 10 Hz). You 
can note a negative spiking pattern in the straight velocity at these lower frequencies as well. 
However at higher frequencies, you note an increasing of locomotion (see 20Hz and 40Hz) as 
well as greater amplitude in negative straight velocity. These figures are summarized in the 3rd 
column of Figure 8 where the mean velocities of the animals during different stages of the 
experiment were logged. The table below shows these results as well.   
 
Table 23: Straight Velocity Means and SEM during stimulation at different frequencies 

 Control   Experimental   

Frequency Mean SEM N Mean SEM N 
5 -0.032525136 0.00685704 3 -0.076299008 0.057655913 3 

10 -0.01629985 0.01760783 3 -0.088897578 0.091735502 3 
20 -0.00595208 0.015666064 3 -0.015754525 0.032710489 3 
40 0.018449204 0.020168424 3 -0.031477648 0.029273673 3 

 
Table 24: Straight Velocity Means, SEM pre vs during stimulation 

  Pre-Stimulation During Stimulation 

Frequency Mean SEM N Mean SEM N 

5 0.012313723 0.007307457 3 -0.076299008 0.057655913 3 
10 0.006173564 0.013706262 3 -0.088897578 0.091735502 3 
20 -0.031205408 0.02170497 3 -0.015754525 0.032710489 3 
40 0.008304126 0.012302719 3 -0.031477648 0.029273673 3 

 
Table 25: Straight Velocity 2-Way ANOVA 
  SS DF MS F (DFn, DFd) P value 

  Interaction 0.05152 14 0.00368 F (14, 48) = 0.6046 P=0.8478 
  Stim period 0.08526 2 0.04263 F (2, 48) = 7.004 P=0.0021 
  Freq 0.04447 7 0.006352 F (7, 48) = 1.044 P=0.4139 
  Residual 0.2922 48 0.006087   
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Tables 23-25 show the effect of 10 pulses at varying frequencies on mouse straight 

velocity. When comparing against control animals, there are significant differences in straight 
velocities prior or post stimulation in comparison to during stimulation. Therefore, stimulation 
does effect straight velocity, however, their correlation with frequency needs further study and 
larger sample size to validate. Effects of this stimulation on straight velocity are best seen in 
Table 24 in which a mouse that is exploring or moving forward (positive straight velocity), 
suddenly back tracks or moves with negative straight velocity.  
 
Table 26: Locomotion Velocity Means, SEM during stimulation 
  Control     Experimental     

Frequency Mean SEM N Mean SEM N 

5 0.128531755 0.018364421 3 0.6513305 0.153246277 3 
10 0.180823577 0.051201386 3 0.6513995 0.025999552 3 
20 0.208775407 0.061792761 3 0.801565614 0.232460003 3 
40 0.110062792 0.01223989 3 0.737786247 0.141796763 3 

 
 
Table 27: Locomotion Velocity Means, SEM pre vs during stimulation 
  Pre-Stimulation During Stimulation 

Frequency Mean SEM N Mean SEM N 

5 0.433006164 0.16153106 3 0.6513305 0.153246277 3 
10 0.25190226 0.064098267 3 0.6513995 0.025999552 3 
20 0.356035421 0.125066712 3 0.801565614 0.232460003 3 
40 0.415810666 0.193278296 3 0.737786247 0.141796763 3 

 
 
Table 28: Locomotion Velocity 2-Way ANOVA 
 SS DF MS F (DFn, DFd) P value 

Interaction 16.62 14 1.187 F (14, 48) = 11.66 P<0.0001 

  Stim. period 7.174 2 3.587 F (2, 48) = 35.24 P<0.0001 
  Freq 15.56 7 2.223 F (7, 48) = 21.83 P<0.0001 

  Residual 4.886 48 0.1018   

  
During the stimulation period, locomotion greatly increased, in every frequency trial, 

when comparing during stimulation velocity with that of pre-stimulation (see Table 27). There is 
also greater locomotion velocity during stimulation when comparing against control animals as is 
seen in Table 26. These effects are significantly dependent on frequency and presence of 
stimulation (when comparing to pre and post stimulation).  

The linear regression for straight velocity was completed and generated a linear slope that 
had a R2 = 0.05813 that was not significant. A linear regression was also done for locomotion 
velocity (see Supp. Figure 6) and the R2= 0.782 and was significant. 
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VGLUT2 – changing powers 
 

Having noted that increasing frequency has a great effect on straight and locomotion 
velocity, manipulation of power while keeping a fixed time (2 seconds) and fixed pulse number 
(10) was next tested.   
 
Table 29: VGLUT2 changing powers straight velocity pre vs during stimulation 
 Pre stimulation During Stimulation 

Power(mW) Mean SEM N Mean SEM N 

2 0.016968982 0.02153457 3 -0.042872257 0.038868328 3 
5 -0.007571334 0.009035363 3 -0.082265868 0.038056132 3 
10 0.020186111 0.009801213 3 -0.245999129 0.090657151 3 

 
Table 30: Straight velocity 2 - way ANOVA 
 SS DF MS F (DFn, DFd) P value 

  Interaction 0.05154 4 0.01288 F (4, 18) = 3.161 P=0.0392 
  STIM 0.1009 2 0.05046 F (2, 18) = 12.38 P=0.0004 
  POWER 0.01971 2 0.009853 F (2, 18) = 2.418 P=0.1175 
  Residual 0.07336 18 0.004076   

 

Tables 29-31 show that as power increased, there was more backtracking as noted by the 
negative velocities that increase in magnitude as power increases. After completing a 2-Way 
ANOVA, significance is found due to which stimulation period the trial was in. Therefore 
stimulation had a significant effect on straight velocity. Also to be noted is a significant 
interaction effect (p=0.0392). Further look into the Turkey’s multiple comparisons test note that 
there is significance due to power when comparing 2 mW trials to 10 mW (p = 0.0029) as well 
as when comparing 5mW to 10mW (p = 0.0148). Therefore, a larger sample size and more 
experimentation can lead to greater significance of an effect noted already. When comparing 
with pre stimulation straight velocity, the mice consistently moves backwards during stimulation 
from a positive straight velocity pre stimulation and if already moving backwards, this effect is 
amplified. 
 
Table 31: VGLUT2 changing powers effect on locomotion velocity pre vs during stimulation 

 Pre stimulation During Stimulation 

Power(mW) Mean SEM N Mean SEM N 

2 0.36994449 0.036245412 3 0.332510193 0.123920662 3 
5 0.399801185 0.119095715 3 0.441538588 0.062530231 3 

10 0.284256829 0.12529029 3 0.798792021 0.091047917 3 

 
Table 32: Locomotion velocity 2-Way ANOVA 
ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 0.7678 4 0.1919 F (4, 18) = 3.45 P=0.0293 
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  Row Factor 1.202 2 0.6012 F (2, 18) = 10.81 P=0.0008 
  power 0.3758 2 0.1879 F (2, 18) = 3.378 P=0.0568 
  Residual 1.001 18 0.05564   

 
Tables 31-32 show that locomotion increases in magnitude when comparing with pre-

stimulation locomotion velocities as power increases. However, these results are not significant. 
When looking at Turkey’s multiple comparison tests, there is a significant effect of power on 
locomotion when comparing 2 mW to 10 mW (p = 0.0336). However, this significance is not 
seen when comparing amongst the other powers. Therefor, further testing and a larger sample 
size will be needed to find significant correlation. 
 
Histology 
 

After the experiments were concluded, mice were deeply anaesthetized with isoflurane, 
perfused first with 0.1 M phosphate-buffered saline (PBS) then with 4% paraformaldehyde 
solution. The removed brain was fixed in 4% paraformaldehyde solution for around 24 hours 
before moving the brains to a 30% sucrose solution. The brains were sliced into coronal sections 
using a Vibratome 1000 Plus at 60 µm thickness. The endogenous fluorescence of ChR2-YFP-
expressing cells were amplified using anti-GFP primary antibody and green fluorescent 
secondary antibody. Using light microscopy, Figure 3 (a-c) were made.74   

 
Figure 3(a-c): Histology 
images of coronal slice 
99 that shows 
fluorescence of VGAT 
neurons(3.a). The good 
expression around the 
PPN (3.b) shows that the 
correct VGAT neurons 
were labeled and 
activated during the 

experiments. The good optic fiber placement (3.c) also shows that the surgery for these animals 
were done well.  
 
Summary of Results 
 

Overall, our study data showed great effects during stimulation periods in straight and 
locomotion velocities of both VGAT and VGLUT2 mice. For VGAT mice, the 2 populations 
demand further exploration as one population seemed to be inhibited in movement during 
stimulation while the other can freely move around at a higher velocity. For VGLUT2 mice, on 
the other hand, stimulation produced stereotyped circling behavior and backtracking behavior 
that scaled in speed as frequency of stimulation was increased. Studying the effect of power on 
motor behavior also noted an in crease in backtracking and spinning when VGLUT2 mice were 

                                                
74 Bartholomew RA, Li H, Gaidis EJ, et al. Striatonigral control of movement velocity in mice. European Journal of 

Neuroscience. 2016;43(8):1097-1110. doi:10.1111/ejn.13187. 

a) 

c) 
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stimulated. The results, though in need of further studies and larger sample size, hint to 
GABAergic neurons and glutamatergic neurons having opposing roles in locomotion. While 
GABAergic neurons inhibit locomotion, glutamatergic neurons accelerate locomotion. Both of 
them affect movement in a backtracking manner. This novel qualification of locomotor behavior 
is worth investigating further.     
 

Discussion 
 

The results greatly supported the hypothesis that stimulation of GABAergic neurons can 
inhibit movement as well as that of glutamatergic neurons do increase locomotion. However, the 
study showed novel backtracking behavior in both mice models. These results also noted that 
higher frequency, higher power, bilateral stimulation creates better inhibition of movement than 
in other conditions for GABAergic neurons. For glutamatergic neurons, higher power and higher 
frequency have significant effects on locomotion for mice. Results also noted that inhibition can 
be prolonged if stimulation period of GABAergic neurons was extended. The backtracking 
behavior of glutamatergic neurons can be extended as with period of stimulation until mice reach 
a ledge. Though not consistent, in most cases, the mice will continue to move backwards and 
may fall (caught by researcher so as not to harm mice). However, there have been trials during 
which mice reach the ledge (it is a raised edge) and push hard against it to stop from falling off.  
 

However, the results do not show whether or not there is an inhibition of movement that 
trumps internal motivation nor what would happen if both GABAergic and glutamatergic 
neurons would be simultaneously stimulated. To test whether internal motivation is inhibited we 
would need to have a task based experiment that gives the mice motivation for movement. If the 
mouse has the incentive to move yet is not able to move during stimulation period, the role of 
GABAergic neurons in the inhibition of movement can be concluded to overpower internal 
motivation. If the mouse does move during stimulation period when there is an incentive to 
move, further exploration into the nature of the stimulation would need to be isolated. To test for 
the hierarchy of control between GABAergic and glutamatergic neurons, chemical manipulation 
using muscimol with stimulation of glutamatergic neurons stimulation or a 4 cannula 4 fiber 
system of optogenetic stimulation will need to be made. By doing so, we can manipulate both 
GABAergic and glutamatergic neurons in a variety of stimulation parameters and understand not 
only hierarchy of command but also whether they fire asynchronously or synchronously to create 
movement.  

 
During the stimulation period, the mouse, in some trials, would try and backtrack or 

move away from the area of stimulation after the stimulation period. In other trials, the mouse 
would not move at all from the area of stimulation. Understanding whether the mouse is avoiding 
an area due to a perception of noxious stimuli or if the mouse is staying still because it is afraid 
of movement would help shed light on whether stimuli is noxious or whether GABAergic 
neurons have a role in avoidance. Secondly, understanding whether the mice is rigid or looses 
muscle tone has not been fully tested by this experiment. Qualitative results noted a keeling 
forward or raised rear behavior but does not shed light onto whether this is lower back muscle 
contraction or upper back muscle relaxation. There were instances when the mouse was on the 
edge of the platform during stimulation period. When this occurred they would almost hang from 
the platform but not fall off, hinting to a muscle rigidity. If mice fell off the platform, it was after 
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the stimulation period hinting to a regaining of muscle tone. Further exploration of muscle tone 
would greatly help interpretation of the noted qualitative results. Thirdly, understanding how 
long the inhibition can be prolonged should be conducted to see whether such behavior is linked 
to the stimulation novelty or stimulation nature.  
 

To understand the role of GABAergic PPN neuron activation on balance, having 
alternating incline and decline setups to test the stretching forward or backtracking behavior after 
stimulation would better help us understand whether the mice are using these motor behaviors to 
correct for perceived imbalance. It could be that during GABAergic neuron stimulation, the mice 
hind legs are retracting or its front legs might be extending causing the mice to perceive that it is 
falling thus back tracking to over compensate for this perception. Finding a method to increase 
the number of tracking markers on the mice without causing them irritation will help quantify 
these minute changes in locomotion, posture, or gait that are not being perceived by the 2 
markers (head and back) used for these experiments.  
 

To improve statistical significance and power of this study, a larger sample size of 
animals should be used. Furthermore, the optic fiber implants inserted into the PPN may be a 
systematic source of error if their transmittance is low or if the tips are damaged. It is to be noted 
that activation of this area also coactivates multiple other motor areas and structures. Therefore, 
further study will have to be conducted to isolate the PPN’s role from that of its neighbors when 
assigning causation of movement (whether it is involved in direct muscle innervation or whether 
it sends a command to other areas to then cause movement).  
 

Not all VGAT mice showed similar behaviors. While one mouse was abnormally 
sensitive (showing effects at lower powers) most other mice needed very high power and high 
frequency to show effects of stimulation. Not only does this show a need for a larger sample size, 
but also a need for more power in stimulation.  
 

If the injection of the virus entered a region not intended, then understanding the role of 
that region may be the next step as it demonstrated great effect when stimulated at low powers 
but high frequencies. Histology of this animal will help us understand if this has happened.  
 

The VGLUT2 mice need a larger and safer setup to continue testing. The ballistic nature 
of the mice during stimulation can move them more than the 1 ft2 open field set up that was used.  
However, mice did show an edge preference when exploring. Therefore, stimulation periods 
need to be spaced out more (increase the inter trial interval in experimental parameters) so that if 
researcher needs to realign the mouse, it will not significantly affect the data collected.  
  

Conclusion 
 

Through this study of the PPN using optogenetic stimulation on GABAergic neurons, we 
have noted consistent movement inhibition and characteristic postural changes as a result of 
stimulation. This postural change mimics much that of a keeling behavior found when on a 
decline or when trying to realign center of gravity when you perceive a falling forward. This 
study also investigated glutamatergic neurons and they showed novel backtracking and 
stereotyped spinning behavior during stimulation periods that increased in velocity with 
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frequency of stimulation and power of stimulation. Further study into GABAergic neurons, 
glutamatergic neurons, and co-activation of both show great promise in understanding the PPN’s 
role in movement and for more targeted DBS treatments for Parkinsons patients that has 
increased efficiency. 
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Supplementary Resources 

 
Table 1: Linear Regression for VGAT fixed pulses during stimulation straight velocity 
 Control Experimental Type 1 Experimental Type 2 
Best-fit values ± SE   Best-fit values ± SE 
    Slope 0.0005589 ± 

0.0005533 
-0.003119 ± 0.001814     Slope 

    Y-intercept -0.02808 ± 0.01275 0.0719 ± 0.04182     Y-intercept 
    X-intercept 50.24 23.06     X-intercept 
    1/slope 1789 -320.7     1/slope 
    
95% Confidence Intervals   95% Confidence 

Intervals 
    Slope -0.000674 to 0.001792 -0.007558 to 0.001321     Slope 
    Y-intercept -0.05649 to 0.0003399 -0.03042 to 0.1742     Y-intercept 
    X-intercept 20.43 to +infinity -infinity to +infinity     X-intercept 
    
Goodness of Fit   Goodness of Fit 
    R square 0.09257 0.33     R square 
    Sy.x 0.02569 0.06879     Sy.x 
    
Is slope significantly non-zero?   Is slope significantly 

non-zero? 
    F 1.02 2.955     F 
    DFn, DFd 1, 10 1, 6     DFn, DFd 
    P value 0.3363 0.1364     P value 
    Deviation from zero? Not Significant Not Significant     Deviation from 

zero? 
    
Equation Y = 0.0005589*X - 

0.02808 
Y = -0.003119*X + 
0.0719 

Equation 

    
Data   Data 
    Number of X values 12 8     Number of X values 
    Maximum number of Y 
replicates 

1 1     Maximum number 
of Y replicates 

    Total number of values 12 8     Total number of 
values 

    Number of missing values 0 0     Number of missing 
values 

 
 
Table 2: Linear Regression for VGAT fixed pulses during stimulation Locomotion velocity 
 Control Experimental Type 1 Experimental Type 2 

Best-fit values ± SE   
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    Slope -0.001685 ± 0.001989 0.006113 ± 0.003822     Slope 
    Y-intercept 0.1946 ± 0.04585 0.2978 ± 0.0881     Y-intercept 
    X-intercept 115.5 -48.71     X-intercept 
    1/slope -593.4 163.6     1/slope 
    
95% Confidence Intervals   
    Slope -0.006117 to 0.002747 -0.00324 to 0.01547     Slope 
    Y-intercept 0.09246 to 0.2968 0.0822 to 0.5134     Y-intercept 
    X-intercept 42.88 to +infinity -infinity to -5.849     X-intercept 
    
Goodness of Fit   
    R square 0.06696 0.2989     R square 
    Sy.x 0.09237 0.1449     Sy.x 
    
Is slope significantly non-zero?  
    F 0.7177 2.558     F 
    DFn, DFd 1, 10 1, 6     DFn, DFd 
    P value 0.4167 0.1609     P value 
    Deviation from zero? Not Significant Not Significant     Deviation from 

zero? 
    
Equation Y = -0.001685*X + 

0.1946 
Y = 0.006113*X + 
0.2978 

Equation 

    
Data   Data 
    Number of X values 12 8     Number of X values 
    Maximum number of Y 
replicates 

1 1     Maximum number 
of Y replicates 

    Total number of values 12 8     Total number of 
values 

    Number of missing values 0 0     Number of missing 
values 

 
 
Table 3- Linear Regression for VGLUT2 fixed time trials during stimulation –straight velocity 
  Control Experimental 

Best-fit values ± SE   
    Slope -0.0007342 ± 0.0005875 -0.003394 ± 0.002241 
    Y-intercept 0.02206 ± 0.01354 -0.06335 ± 0.05166 
    X-intercept 30.04 -18.67 
    1/slope -1362 -294.7 
   
95% Confidence Intervals   
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    Slope -0.002043 to 0.0005748 -0.008387 to 0.0016 
    Y-intercept -0.008114 to 0.05223 -0.1785 to 0.05175 
    X-intercept -infinity to +infinity -infinity to 7.287 
   
Goodness of Fit   
    R square 0.1351 0.1865 
    Sy.x 0.02728 0.1041 
   
Is slope significantly non-zero?   
    F 1.562 2.293 
    DFn, DFd 1, 10 1, 10 
    P value 0.2399 0.1609 
    Deviation from zero? Not Significant Not Significant 
   
Equation Y = -0.0007342*X + 

0.02206 
Y = -0.003394*X - 0.06335 

   
Data   
    Number of X values 12 12 
    Maximum number of Y replicates 1 1 
    Total number of values 12 12 

   

 
 
Table 4- Linear Regression for VGLUT2 fixed time trials during stimulation – locomotion velocity 
  Control Experimental 

Best-fit values ± SE   
    Slope -3.346e-005 ± 0.0006673 0.06897 ± 0.01123 
    Y-intercept 0.05226 ± 0.01538 0.4062 ± 0.2587 
    X-intercept 1562 -5.889 
    1/slope -29884 14.5 
   
95% Confidence Intervals   

    Slope -0.00152 to 0.001453 0.04396 to 0.09399 
    Y-intercept 0.01799 to 0.08653 -0.1703 to 0.9827 
    X-intercept 50.02 to +infinity -21.15 to 1.914 
   
Goodness of Fit   
    R square 0.0002514 0.7906 
    Sy.x 0.03099 0.5212 
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Is slope significantly non-zero?   
    F 0.002514 37.76 
    DFn, DFd 1, 10 1, 10 
    P value 0.9610 0.0001 
    Deviation from zero? Not Significant Significant 
   
Equation Y = -3.346e-005*X + 

0.05226 
Y = 0.06897*X + 0.4062 

   
Data   
    Number of X values 12 12 
    Maximum number of Y replicates 1 1 
    Total number of values 12 12 

   
 
Table 5- Linear Regression for VGLUT2 fixed pulses during stimulation - straight velocity 
  Control Experimental 

Best-fit values ± SE   
    Slope 0.001356 ± 0.0005362 0.001584 ± 0.002016 
    Y-intercept -0.0345 ± 0.01236 -0.0828 ± 0.04647 
    X-intercept 25.45 52.28 
    1/slope 737.6 631.4 
   
95% Confidence Intervals   

    Slope 0.0001609 to 0.002551 -0.002908 to 0.006076 
    Y-intercept -0.06204 to -0.006963 -0.1863 to 0.02073 
    X-intercept 12.36 to 85.13 -infinity to +infinity 
   
Goodness of Fit   
    R square 0.3899 0.05813 
    Sy.x 0.0249 0.09361 
   
Is slope significantly non-zero?   
    F 6.392 0.6172 
    DFn, DFd 1, 10 1, 10 
    P value 0.0300 0.4503 
    Deviation from zero? Significant Not Significant 
   
Equation Y = 0.001356*X - 0.0345 Y = 0.001584*X - 0.0828 
   
Data   
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    Number of X values 12 12 

    Maximum number of Y replicates 1 1 
    Total number of values 12 12 
   

 
 
Table 6 – Linear Regression of Locomotion Velocities during stimulation as frequencies change 
 Control Experimental 

Best-fit values ± SE   
    Slope -0.001241 ± 0.001691 0.08467 ± 0.01405 
    Y-intercept 0.1798 ± 0.03897 0.1777 ± 0.3238 
    X-intercept 144.9 -2.099 
    1/slope -806 11.81 
   
95% Confidence Intervals   
    Slope -0.005008 to 0.002526 0.05337 to 0.116 
    Y-intercept 0.09294 to 0.2666 -0.5436 to 0.8991 
    X-intercept 47.79 to +infinity -15.8 to 4.999 
   
Goodness of Fit   
    R square 0.0511 0.7842 
    Sy.x 0.07851 0.6522 
   
Is slope significantly non-zero?   
    F 0.5385 36.33 
    DFn, DFd 1, 10 1, 10 
    P value 0.4799 0.0001 
    Deviation from zero? Not Significant Significant 
   
Equation Y = -0.001241*X + 0.1798 Y = 0.08467*X + 0.1777 
   
Data   
    Number of X values 12 12 
    Maximum number of Y replicates 1 1 
    Total number of values 12 12 

   
 
 
Table 7: Linear Regression for VGLUT2 changing powers experiment during stimulation – straight velocity 
 

 Experimental Mice 
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Best-fit values ± SE 
    Slope -0.02614 ± 0.01008 
    Y-intercept 0.02442 ± 0.06611 
    X-intercept 0.9342 
    1/slope -38.25 
  
95% Confidence Intervals 
    Slope -0.04998 to -0.002304 
    Y-intercept -0.1319 to 0.1807 

    X-intercept -49.07 to 4.22 
  
Goodness of Fit 
    R square 0.49 
    Sy.x 0.0998 
  
Is slope significantly non-zero? 
    F 6.724 
    DFn, DFd 1, 7 
    P value 0.0358 
    Deviation from zero? Significant 
  
Equation Y = -0.02614*X + 0.02442 
  
Data  
    Number of X values 9 
    Maximum number of Y replicates 1 
    Total number of values 9 
    Number of missing values 0 

 
 
 
Table 8: Linear Regression for VGLUT2 changing powers experiment during stimulation - locomotion 
velocity 
 

 Experimental Mice 

Best-fit values ± SE  
    Slope 0.05963 ± 0.01592 
    Y-intercept 0.1864 ± 0.1044 
    X-intercept -3.126  
    1/slope 16.77  
   



 54 

95% Confidence Intervals 
    Slope 0.02199 to 0.09727 
    Y-intercept -0.06044 to 0.4332 
    X-intercept -18.56 to 0.6596 
   
Goodness of Fit  
    R square 0.6672  
    Sy.x 0.1576  
   
Is slope significantly non-zero? 
    F 14.03  
    DFn, DFd 1, 7  
    P value 0.0072  
    Deviation from zero? Significant 
   
Equation Y = 0.05963*X + 0.1864 
   
Data   
    Number of X values 9  
    Maximum number of Y replicates 1  
    Total number of values 9  
    Number of missing values 0  

 
 
 
 
 
 
 
 
 
 
 


