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1. Introduction 
 

The mesencephalic locomotor region (MLR) acts as a crucial conduit, that link the brain's 

higher motor control centers to the lower motor neurons that facilitate movement. The main 

excitatory elements within the MLR, include the pedunculopontine nucleus (PPN), which is 

the largest component of MLR, and extended nuclei to it, and their activation has been proposed 

to produce different forms of movement. In previous studies, scientists found the MLR by 

demonstrating that electrical activation of this brain region could make decorticated cats walk 

( Shik et al., 1966). Recent researches using optogenetic techniques has shown that the motor 

action of the MLR depends on excitatory signals from glutamatergic neurons (Roseberry et al., 

2016; Caggiano et al., 2018). MLR neurons regulate various aspects of movement. The 

cholinergic neurons of the PPN affect on muscle tone and modulate the acoustic startle response 

(Takakusaki et al., 2016; Vitale et al., 2019), while the glutamatergic neurons of the PPN are 

linked to exploration movements; additionally, the activity of glutamatergic neurons in the CnF 

correlates with movement velocity (Dautan et al., 2021; Huang et al., 2024). The PPN is an 

important part of the reticular activating system, which regulates activity cycles and overall 

brain states associated with REM sleep as well as consciousness by sending cholinergic and 

non-cholinergic projections to many subcortical regions (Mena-Segovia and Bolam, 2017). The 

changes observed can be related to the lesions of non-cholinergic neurons, as the targeted 

lesion of cholinergic neurons did not lead to learning impairments or modifications in the 

locomotor response to nicotine (MacLaren et al., 2016), Instead developed of sensorimotor and 

gait deficits (MacLaren et al., 2018). 

Our previous study indicated that neuromodulatory effects on astrocytes produce tonic 

excitability changes depending on metabotropic glutamate and N-methyl-D-aspartate 

receptors in the mesopontine region. Although these effects were significant in in vitro studies, 

but in vivo impact has not been examined (Kovács and Pál, 2017). 

Following  to  investigated  the  pathophysiological  significance  of  regional  astrocytic 

 

https://pmc.ncbi.nlm.nih.gov/articles/PMC8641693/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8641693/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8641693/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8641693/
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tau protein expression and a reduction in cholinergic neuronal number in the region result in 

reduced startle response amplitude and gait abnormalities (MacLaren et al., 2018; King et al., 

2021). These findings effectively modeled the brainstem-related symptoms observed in 

progressive supranuclear palsy (PSP). 
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2. Literature background 

 

2.1. Astrocytic diversity: morphology and function in CNS 
 

There are many different glial cell types in the adult central nervous system (CNS), such as 

astrocytes, oligodendrocytes, and microglia (Krencik et al., 2011). Astrocytes are one of the 

most common cell types in central nervous system. They play vital roles in maintaining the 

CNS and stability, including buffering ions, recycling neurotransmitters, maintaining the 

blood-brain barrier, and releasing gliotransmitters (Phatnani and Maniatis, 2015). However, 

different groups of astroglia perform these functions differently (Zhang and Barres, 2010). 

2.1.1. Astrocyte-neuron interactions of brain function and dysfunction 

 

The functions of glial cells, especially astrocytes, have been reconsidered for several decades. 

An increasing amount of research suggests that astroglial cells are significant not only in 

trophic support (Volterra and Meldolesi, 2005), but also in the brain's information processing 

and cognitive processes (Verkhratsky and Nedergaard, 2018; Kol et al., 2020). Gap junctions 

facilitate connections between astrocytes, forming astroglial networks that provide metabolic 

support to neurones. Studies conducted in the recent few years have demonstrated the role of 

disorders in astroglial connections in pathological nervous system lesions. It is of significant 

interest to study the morphological and functional modifications of astrocytic networks due to 

aging, diseases, or exposure to stress stimuli (Ridet et al., 1997; Charvériat et al., 2017). First, 

Rudolf Virochow described glial cells as a homogenous connective tissue that supports 

neuronal components. Later studies on the cell composition of the brain by Cajal et al. revealed 

that different parts of the brain include morphologically unique types of glia and neurones. In 

the last century, astrocytes have evolved into an important link between neurons and the 

external environment, supporting different physiological functions in the blood-brain barrier 

(BBB) formation, neuronal development, neural network function, neurotransmission, and 

metabolic assistance. Astrocytes maintain homeostasis in the brain by regulating the uptake 

of neurotransmitters, water, and amino acids. The end-feet structure of astrocytes forms the 

https://pmc.ncbi.nlm.nih.gov/articles/PMC6262303/
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neurovascular unit between endothelial cells and neurons. Astrocytes have complex processes 

for making tripartite synapses and covering synapses and can monitor the ongoing synaptic 

circuit local activities and regulate homo/heterosynaptic in several ways. 

The neurotransmitter receptors expressed on astrocytes recognise and respond to synaptic 

activity by raising intercellular Ca2+ from astrocytes and producing neuroactive 

gliotransmitters which regulate synapses. Different approaches, including electrophysiological 

recordings, molecular biology methods, optogenetic and chemogenetic tools, and imaging by 

confocal microscopy, play a role in the study of astrocytes. By obtaining a deeper 

understanding of these cells, researchers have sought to understand their complexity and use 

their capacity to develop treatments for neurological disorders. 

2.1.2. Astrocyte-neuron interactions and their role in brain homeostasis 

 

Astrocytes in the brain are the primary regulatory glial cells that play a variety of roles in 

maintaining brain homeostasis. These roles include preventing increase of extracellular 

potassium producing and storing gliotransmitters, providing growth factors, nutrients, and 

antioxidants to neurons, and regulating the immune response and iron homeostasis in the brain 

(Jha et al., 2018). 

The production and upregulation of numerous gliotransmitters, including ATP, D-serine 

(Takano et al., 2007), and glutamate, by astrocytes modulate paracrine signalling between 

astrocytes and neurons, pericytes, microglial cells, and endothelial cells. Cellular crosstalk 

(Fig.1) between microglia, astrocytes, oligodendrocytes, pericytes, endothelial cells, and 

neurons has pathophysiological significance in the pathogenesis of neurodegeneration 

(Abbott, 2002; Lo and Rosenberg, 2009; Choi et al., 2014). 
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Fig. 1. An overview of astrocytic functions: By supplying energy sources, strengthening antioxidant defense, and 

astrocytes-neuronal function. Their capacity to sense cytokines released by microglia and engage in 

neurovascular connections makes are crucial part of the interactions between different types of brain cells during 

the immune response (Riva et al., 2019). 

Glutamate is a gliotransmitter and the most common excitatory amino acid neurotransmitter 

in the central nervous system, which mediates rapid excitatory transmission by activating 

metabotropic glutamate receptors (mGluRs) as well as ionotropic receptors like AMPA (α- 

amino-3-hydroxy-5-methyl-4-isoxazole propionic acid, NMDA (N-methyl-D-aspartate), and 

kainate receptors. Astrocytes play a crucial role in maintaining extracellular glutamate levels 

(Rose et al., 2018). Astrocytes that surround the glutamatergic synapse show significant 

amounts of excitatory amino acid transporter-1 (EAAT-1), glutamate reuptake transporters, 

and EAAT-2. Astrocytes remove approximately 90% of the glutamate existing in the synaptic 

cleft via EAAT-1 and -2 transporters to prevent glutamate accumulation and excitotoxicity 

(Lewerenz and Maher., 2015; Gonçalves et al., 2019). 

Astrocytes can control neuronal function in different ways, and the regulation of tonic 

inhibition might be particularly crucial. The gamma-aminobutyric acid (GABA)-related 

suppression of neuronal activity consists of both tonic and phasic components. When the 
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vesicular is released from the presynaptic axon terminal, transient and discrete inhibitory 

postsynaptic currents (IPSCs) form the phasic component. Low-affinity GABAA receptors in 

synapses mediate these currents. In contrast, high-affinity, slowly desensitising extrasynaptic 

GABAA receptors exposed to low ambient GABA concentrations mediate persistent tonic 

GABAergic inhibition (Belelli et al., 2009). It has been shown that tonic inhibition is very 

crucial. Tonic inhibition significantly affects the excitability of both individual neurones and 

networks by modifying the membrane conductance of the postsynaptic neurons (Semyanov et 

al., 2004). Furthermore, tonic inhibition has become increasingly common in the treatment of 

pathophysiological disorders such as stroke (Clarkson et al., 2010) and epilepsy (Cope et al., 

2009). 

Many studies have explained the interaction between cellular and subcellular GABAergic and 

glutamatergic systems (Héja et al., 2006; Liang et al., 2006; Somogyi, 2006; Gutierrez and 

Heinemann, 2006; Eulenburg and Gomeza, 2010), and previous research has demonstrated 

that glutamatergic and GABAergic neurotransmission directly interact at the molecular level. 

They discovered that the absorption of Glu increases the extracellular level of GABA both in 

vitro and in vivo. The direct connection between excitatory and inhibitory neurotransmitter 

transporters was found to be independent of glutamate decarboxylase activity, external Ca2+ 

presence, or depolarization mediated by the Glu receptor. It was eliminated when glial Glu or 

GABA transporter non-transportable blockers were found, suggesting that the process was 

driven by the concerted action of these transporters (Héja et al., 2009). Glutamate is coupled 

with the subsequent reversal of glial GABA transporters, which elevates the amount of 

extracellular GABA (Fig.2). As a result, they were able to show GABA signals resulting from 

glial Glu uptake for the first time. By measuring GABA uptake and release in rat brain slices 

and cultured mouse neurones, the presence of this Glu- GABA exchange pathway has been 

found both in vitro and in vivo in the rat hippocampus using brain suspensions from various 

parts of the rat or human brain, including the choroid plexus, spinal cord, corpus callosum, 

cortical gray and white matter, and hippocampus.  



12   

They showed that all the identified Glu transporter substrates could cause the release of GABA, 

but not non-transportable inhibitors (Héja et al., 2009). 

 

 
Fig. 2. Graphical representation of the hypothesised glutamate-GABA exchange mechanism (Héja et al., 2009). 

 

2.1.3. The active role of astrocytes in synaptic communication 

 

Astrocytes control the growth and plasticity of synapses by a range of secretory and contact- 

mediated signals (Araque et al., 1999). Astrocytes are believed to regulate the development of 

excitatory synapses and synaptic activities in the developing and adult brain as a component 

of tripartite synapses, including postsynaptic and presynaptic terminals (Araque et al., 2014; 

Adamsky et al., 2018). Many studies have demonstrated that astrocytes in different areas of 

the brain are not the same, and that astrocytes located next to each other in the same brain 

region could have differences. 

Research has indicated that astrocytes can modulate firing synaptic structure and function, as 

well as synaptic transmission, by releasing gliotransmitters as a result of Ca2+ influx, such as 

D-serine and glutamate (Araque et al., 2014). Through both ionotropic and metabotropic 

signalling cascades, astrocyte receptors are connected to intracellular ionic signalling and 

astrocyte metabolism. Astrocytes receive neurotransmitter and neuromodulator signals from 
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synapses through a variety of receptors. The expression of these receptors is likely regulated 

by the local neurotransmitter environment (Verkhratsky and Nedergaard, 2018). The CNS 

contains a variety of cell types which express metabotropic glutamate receptors (mGluRs) in 

different ways. Three subgroups have been identified based on sequence homology and 

cellular signalling activation (Gerber et al., 2007), and eight different mGluR subtypes have 

been identified. 

As glutamate regulates both neuronal cell excitability and synaptic transmission via the 

second messenger signalling pathway, mGluRs are significantly associated with the control 

of neuronal firing and synaptic transmission throughout the CNS (Sladeczek et al., 1985; 

Sugiyama et al., 1987). They control the metabolism of energy to maintain neuronal activity, 

particularly those involved in memory formation (Henneberger et al., 2010; Bazargani and 

Attwell, 2016). Additionally, memories can be categorised according to the kind of 

information that is transmitted and stored, which divides memories into two categories: 

implicit (non-declarative) and explicitly referred to as declarative in humans (Squire, 2004). 

In general, astrocyte Ca2+ dynamics stimulated and downstream effects on learning and 

memory can be investigated by activating Gi or Gq-GPCR signalling with hM4Di and 

hM3D(Gq) DREADDs or (Gq-coupled melanopsin) (Roth, B. L. 2016; Mederos et al., 2020). 

Using hM3D(Gq) DREADD like, indicates that improving astrocyte Ca signalling enhances 

spatial and T-maze, and fear conditioning tests show context-dependent memory formation. 

Furthermore, the role of hippocampal astrocytes in spatial memory has been demonstrated 

using a melanopsin-based method to temporally trigger Gq activation in astrocytes 

(Adamsky et al., 2018; Nagai et al., 2021). Alternatively, in a learning by association test 

including initiated fear conditioning, triggering the Gq-GPCR pathway in the central 

amygdala through astrocytes using the same hM3Dq method decreases the firing of neurons 

by astrocyte-derived ATP release along with reduced fear reactions (Martin et al., 2017). 

The role of astrocytic Gs-GPCR signalling in learning and memory has also been studied in 

 

association with aging and dementia in mice. It has been discovered that memory 
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impairments are coupled with higher levels of ATP, A2A in hippocampus astrocytes in 

Alzheimer's disease patients, and mice used as Alzheimer’s disease models. In mice, both 

young and old, learning is not affected by the expression and activation of the human Gs- 

coupled 5-HT4b serotonin receptor Rs1, which leads to a decrease in long-term memory 

retention. Conversely, adult wild-type and old AD mice have improved memory when 

astrocytic A2A receptors are genetically reduced (Orr et al., 2015). 

2.1.4. Astrocyte and gliotransmitters contribution in excitotoxicity function 

 

Glial cells, such as astrocytes, are completely integrated into networks of neurons to form a 

single, functional regulatory circuit that is necessary for brain activity. This has led to a 

significant advancement in the field of neuroscience regarding how the brain processes 

information; although astrocytes lack electrical excitability across their membrane, they 

effectively handle ions in response to various stimuli, which is necessary for the proper control 

of the physiological processes that are regulated by the brain (Verkhratsky and Nedergaard, 

2018). The astrocyte volume changes are related to Cl−1 permeability, whereas internal K+1, 

Na+1, Ca 2+, and H+1 fluctuations are associated with enhanced synaptic activity. Strong 

evidence indicates that the connection between astrocytes and neurons is Ca2+ dependent 

(Araque et al., 2014; Savtchouk and Volterra., 2018). Two important methodological that have 

facilitated the understanding of gliotransmission, other astrocytic functions (calcium imaging), 

and advanced optical microscopy (Li et al., 2013). 

Gliotransmitters can modulate synaptic transmission and plasticity, including glutamate, 

neurosteroids, adenosine triphosphate (ATP), inflammatory mediators, and GABA, can 

modulate synaptic transmission and plasticity. Synaptic transmission, neuronal networks, 

cerebral blood flow, synchronisation, and immunoinflammatory responses in the brain are all 

regulated under physiological conditions and the release of gliotransmitters (Volterra and 

Meldolesi, 2005). 
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2.1.5. Astrocytes as therapeutic targets in neurodegenerative diseases 

Astrocytes play an essential role in the regulation of gliotransmitters, and neurotransmitters 

are involved in excitatory neurotransmission (mostly glutamate), which is required for the 

control of both long-term potentiation and long-term depression, and is important for both 

synaptic transmission and plasticity, leading to astrocyte participation in cognition and related 

memory functions (Dallérac and Rouach, 2016). Additionally, synaptic structural remodelling 

and functional plasticity are mediated by astrocytes (Santello et al., 2019). These findings, 

astrocytes may be promising new therapeutic targets for restoring cognitive function before 

dementia develops (Dallérac and Rouach, 2016). 

Studies discussing the transcriptional patterns of astrocytes in multiple regions of the brain 

have indicated that astrocytes exhibit significant molecular heterogeneity. While the functional 

implications of these variations remain unclear, understanding astrocytic subtypes is helpful 

in directing the development of astrocyte-based therapeutics (Krencik and Zhang, 2011). The 

process known as "reactive astrogliosis," which is characterised by elevated levels of GFAP 

and inflammatory pathways triggers astrocyte activation in the early stages of many 

neurological disorders, leading to an increased release of inflammatory cytokines and changes 

in astrocyte morphology (Colangelo et al., 2014). 

Astrocytes undergo changes with ageing. Despite changes in their structural shape and 

branching (Robillard et al., 2016; Popov et al., 2021), studies have shown changes and how 

they function. Specifically, the propagation of calcium signals and a reduction in how 

astrocytes respond have been observed along with modifications in their electrical membrane 

characteristics (Popov et al., 2021). In aged rodents, the connection between astrocytes and 

neurons that use glutamate decreases, similar to the general degradation of neural function. 

The ability of astrocytes to remove glutamate, their response when mGluR5 receptors are 

activated, and the strength of excitatory postsynaptic currents (EPSCs) decrease with age. 

Simultaneously, the concentration of glutamate outside the cells increased. However, 

researchers did not find any age-related changes in astrocytic calcium waves or in neuronal 
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responses that depend on NMDA receptors when astrocytes are activated (Gómez et al., 2017). 

Our previous study showed that slow inward currents (SICs), which are excitatory events in 

neurons, are elicited when astrocytic glutamate activates extrasynaptic NMDA receptors, that 

exist in mice at all ages, showing a gradual decline with age. These SICs can induce spike 

timing-dependent plasticity (STDP) in mice. In humans, SICs exhibit slower dynamics and a 

larger transfer of charge compared to mice. Age-related changes in SICs are stronger in 

humans, as they are undetectable in samples from patients over 70 years of age. Moreover, 

human SICs appear to contribute to synaptic plasticity. The effect of slow inward currents 

(SICs) on synaptic plasticity differs between humans and mice. In mice, the effects of SICs on 

synaptic plasticity are affected by aging. This might be from reduced mGluR5 signalling or 

age-related changes in NMDA receptors. However, in humans, SICs themselves are affected 

by age (possibly through changes in glutamate release or uptake or in NMDA receptors). 

This finding showed a moderate but significant reduction in the density of GluN2B subunits, 

which could contribute to the decrease in SIC activity and how synapses respond to SICs 

(Fig.3). However, this limited decrease suggests that other factors are also involved. These 

observations demonstrate the significant differences in brain aging between mice and humans 

(Csemer et al., 2023). 

https://pmc.ncbi.nlm.nih.gov/articles/PMC10497838/
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Fig. 3. Comparison of human and murine SICs. (A). Slow inward currents (SICs) in both mice and humans arise 

from astrocytic glutamate release and subsequent activation of (1) neuronal GluN2B-containing NMDA receptors 

(2), although their amplitude and kinetic properties vary between species (3). B. These SICs play a role in synaptic 

plasticity: young and adult mice (left) exhibit either timing-dependent synaptic depression or potentiation, 

potentially influenced by the synapse's proximity to astrocytic glutamate release, whereas humans (right) 

demonstrate only potentiation, possibly because of their more complex astrocyte morphology. C. furthermore, 

aging impacts this process, reducing SIC-mediated synaptic plasticity in mice due to altered synaptic 

responsiveness, whereas in humans, the SICs themselves are directly affected by aging. (a) Slow inward currents 

(SICs) resulting from the release of glutamate by astrocytes (1) and the activation of neuronal NMDA receptors 

containing GluN2B subunits (2) in both mice (left) and humans (right; indicated by symbols). Murine and human 

SICs exhibit variations in their size and speed-related characteristics (3). B. In young and adult mice (left), 

synaptic weakening or strengthening, which depends on the timing of signals, occurs, possibly related to how far 

synapses are located from where astrocytes release glutamate. In humans (right), only strengthening of synapses 

was observed, which might be due to the intricate structure of the astrocytes. C. In aged mice (left), synaptic 

plasticity induced by SICs decreases because of alterations in the synapse response. In contrast, in humans (right), 

SICs are affected by the aging process (Csemer et al., 2023). 
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Aged astrocytes may cause inflammation and have a direct effect on the health and function 

of other CNS cell groups according to their interactions with them. Many age-related diseases, 

such as neurodegenerative disorders, have become more common with increasing age. Several 

characteristics of neurodegeneration and aging are similar, including gliosis, myelination loss, 

cognitive impairment, memory function loss, and astrocyte disruption (Palmer & Ousman, 

2018) (Fig.4). 

 

Fig. 4. Schematic showing the interaction between astrocytes and other central nervous system cells during aging 

(Palmer and Ousman, 2018). 

2.1.6. The astrocytic overstimulation methods 

Experimental animal models of human neurological conditions provide excellent experimental 

in-vivo tools that facilitate the study of many different aspects of these disorders. These models 

enable the development of disease states by disrupting specific biological processes. 

Optogenetics and chemogenetics provide new opportunities that are not possible using other 

animal models of human brain disorders. These strategies allow researchers to induce 

neuropathological conditions that vary in severity, from acute to chronic (Viktoriya et al. 

2024). 

Optogenetics is a new biological approach that uses several light-sensitive proteins known as 
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opsins,  including  microbial  ion  channels,  ion  pumps,  and  engineered  G  protein- coupled 

receptors (GPCRs) (Boyden et al., 2005; Tye and Deisseroth. 2012). After absorption of a 

specific wavelength of light, opsin undergoes a conformational change that causes several 

biological processes in cells that express opsin. Some opsins cause ions to move across the cell 

membrane, whereas others activate internal signalling pathways, such as those involving G 

proteins. Since the absence of most of these opsins in experimental model organisms and the 

low effect of photo-stimulation on cells and tissues, optogenetics has been used as a powerful 

technique for manipulating specific cell populations both in vitro and in vivo through a 

combinatorial strategy involving cell type-specific promoters as well as in genetic 

modifications (Fig.5). 

This method allows the modification of cellular activity with millisecond-scale temporal 

precision. This precise stimulation has made it possible to show direct cause-and-effect 

relationships between manipulated cell activity and what happens as a result, especially when 

studying the brain circuits that control specific behaviours (Boyden et al., 2005). 

Chemogenetics depends on modified proteins, including GPCRs and ligand-gated ion 

channels, that are no longer responsive or only very weakly responsive to their endogenous 

ligands but strongly respond to synthetic chemical ligands that are biologically inert 

(Armbruster et al., 2007; Dong et al., 2009; Nichols and Roth. 2009). The definition of hM3Dq, 

is a designer receptor exclusively activated by designer drugs (DREADDs), is produced 

through several cycles of randomised mutagenesis of the human M3 muscarinic receptor 

associated with the Gq protein (Armbruster and Roth. 2005). It is neither responsive to the 

endogenous muscarinic cholinergic receptor ligand acetylcholine, nor is it constitutively 

active; however, it is significantly activated by the synthetic ligand CNO (Armbruster et al., 

2007; Dong et al., 2009). When CNO binds to hM3D(Gq), it can make neurons more excitable, 

leading to burst-like firing (Alexander et al., 2009; Krashes et al., 2013).  Therefore, it is the 

most employed chemogenetic tool for neuronal activation. hM4Di, another DREADD 
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molecule, is a modified  of  the  Gi-coupled  human  M4  muscarinic  receptor  that  is  activated  

by CNO (Armbruster et al., 2007; Nawaratne et al., 2008; Atasoy et al., 2012). When this CNO 

binds to hM4Di, it activates the Gβγ subunit of the Gi protein, which later stimulates the G 

protein to inwardly rectify potassium channels, leading to potassium efflux and significant 

hyperpolarisation when expressed in neurones (Reuveny et al., 1994; Kunkel and Peralta. 

1995). That means hM4Di has been used to inhibit both spontaneous and depolarization- 

induced neuronal activity (Armbruster et al., 2007). 

 

Fig. 5. Comparative mechanisms of optogenetics and chemogenetics in astrocytes and neuronal modulation. 

Scientists use optogenetic (left) and chemogenetic (right) methods to stimulate astrocytes by employing various 

genetically encoded molecules that can affect the levels of ions (H+1, Na+1, Ca2+, and K+1) and signalling 

pathways (Gq, Gs, DAG, IP3, and cAMP) inside these cells. (1) These changes within astrocytes, such as 

increased calcium and acidity, cause them to release signalling molecules called gliotransmitters (glutamate, ATP, 

and L-lactate). (2) These gliotransmitters can change how excitable nearby neurons are and how they 

communicate at synapses. (3) Optogenetic tools are activated by specific types of light, whereas chemogenetic 

tools are activated by artificial molecules such as CNO. Some examples of these tools include: ChR2 

(channelrhodopsin-2), CatCh (calcium translocating channelrhodopsin), LiGluR (light-gated ionotropic 

glutamate receptor 6), ArchT (archaerhodopsin), OptoXRs (light-driven chimeric G protein-coupled receptors) 

for optogenetics; and Gi-DREADD (Gi-coupled designer receptors exclusively activated by designer drugs), Gq-

DREADD (Gq-coupled DREADD), and Gs-DREADD (Gs-coupled DREADD) for chemogenetics, which are 

activated by CNO (clozapine-N-oxide). The released gliotransmitters can then interact with receptors on 
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neurons, such as the N-methyl-D-aspartate receptor (NMDARptor) and α-amino-3-hydroxy-5-methyl-4- 

isoxazolepropionic acid receptor (AMPAR). Other signalling molecules involved include adenosine triphosphate 

(ATP), IP3 (inositol 1,4,5-trisphosphate), diacylglycerol (DAG), and cAMP (cyclic adenosine monophosphate). 

(Alexander et al., 2009; Krashes et al., 2013). 

2.2. The pedunculopontine nucleus in health and disease 
 

The pedunculopontine nucleus (PPN) and the nearby cuneiform nucleus (CnF) comprise the 

mesencephalic locomotor region (MLR), which is the first locomotor region to be identified 

and present in all classes of vertebrates (Shik et al., 1966; Shik, Severin and Orlovskiĭ, 1966). 

In addition, the PPN is also part of the reticular activating system regulating global brain states 

(Mena-Segovia and Bolam, 2017). 

The PPN has been involved in motor function in many different independent investigations 

conducted over the past few decades, both in humans and in animal models. It has been 

suggested that this nucleus could be a potential new target for treating motor symptoms in 

Parkinson's disease (PD) was first raised in 1989 (Mitchell et al., 1989), specifically because 

of altered PPN activity in a parkinsonian model of non-human primates, which has crucial 

therapeutic implications. The PPN is considered to regulate both waking and rapid eye 

movement (REM) sleep. It is recognized that the PPN is an important part of the reticular 

activating system (RAS) (Mena- Segovia and Bolam, 2017). Pars compacta (PPNc) and pars 

dissipatus (PPNd) are the two subnuclei that comprise the human PPN. Small- and medium-

sized neurons are spread across the superior cerebellar peduncle (SCP), and central tegmental 

tract, forming the PPNd, which consists of a compact cluster of massive neurons (Olszewski 

and Baxter, 1995). Although cholinergic neurons also contain neuropeptides and a novel 

neuromodulator, the PPNc and PPNd also have GABAergic inhibitory neurons (Vincent et al., 

1983; Bevan and Bolam, 1995). 

2.2.1. Astrocytes and neuromodulatory mechanisms in the PPN 

 

As reviewed by Katona and Freund (2012), endocannabinoids modulate multiple signalling 

pathways and synaptic connections, which have different effects on brain activity. 
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Cannabinoid type 1 (CB1), receptor stimulation may affect sleep-wake cycles, among other 

factors. The prototypical endocannabinoid anandamide administered intracerebroventricularly 

or directly to the PPN, reduced wakefulness and increased both Slow-Wave Sleep and REM 

sleep, based on in vivo animal studies. Although anandamide's effect on sleep may be reversed 

by CB1 receptor antagonists, it is believed that these endocannabinoids affect sleep modulation 

by acting on CB1 receptors (Herrera et al., 2010; Murillo, 2008). 

Our laboratory previously showed the presence of SICs after astrocytic activation in the PPN, 

resulting in stimulation of a population of neurones, inhibition of another population, and no 

change in the third population (Fig.6). Several neurons synchronise the slow inward currents 

(SICs) that are produced in the brain cortical areas, but this synchronisation has not been 

observed in brainstem areas such as the PPN (Kovács and Pál, 2017). 

 

 

Fig. 6. Diagram showing the endocannabinoid signalling hypothesis for PPN. (1) Endocannabinoids (ECB) are 

produced by the active PPN neurones. (2) CB1 receptors in astrocytes are activated by endocannabinoids. In 

addition, astrocytes release gliotransmitters such as glutamate and increase the frequency of their calcium waves. 

Glutamate can either hyperpolarizes neighbouring neurones by activating group I metabotropic glutamate 

receptors (4a) or depolarizes neurones through group II mGluRs (4b). Astrocytic glutamate receptors (hollow 
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green arrows) may also be activated by Glu. Therefore, these astrocytic mGluRs may cause changes in 

gliotransmitter release ((Kõszeghy et al., 2015). 

We have shown that both neurons and glial cells within the PPN respond to agonists that 

activate CB1 receptors (Kõszeghy et al., 2015). The response in neurons can be either 

depolarization or hyperpolarization (Fig.7), whereas astrocytes show a greater frequency of 

calcium waves, and none of these effects is observed in mice deficient in the CB1 gene. The 

hyperpolarization is prevented by blocking group I metabotropic glutamate receptors 

(mGluRs), whereas blocking group II mGluRs prevents depolarization. 

The neuromodulatory agents, whether sleep- or wake-promoting, might change SICs based on 

the neural activity background when used for PPN function during sleep/wakefulness. This 

could potentially stabilisethe desynchronized state required for PPN neuron firing during 

wakefulness and sleep regulation (Kovács and Pál, 2017). This balanced level of 

desynchronisation is important for wakefulness, attention, and associated learning and active 

memory, and possibly for other PPN functions such as sensory gating, reward, and locomotion. 

Therefore, what remains to be done is to observe behavioural changes in response to astrocyte 

overstimulation and relate them to known functions of the PPN. In conclusion, we found that 

PPN neurons react heterogeneously to CB1 receptor stimulation by activating astrocytic CB1 

receptors, which change their membrane potential and action potential firing frequency. PPN 

neurons appear to be efficiently regulated by this indirect cannabinoid signalling pathway, 

which probably plays a significant role in the oscillatory activity of neurons. 
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Fig. 7. (A) an overview of a coronal section from a ChAT-tdTomato animal. It shows tdTomato in red and ChAT 

immunohistochemistry in green, and highlighting brain regions (periaqueductal gray matter (PAG), superior 

cerebellar peduncle (scp), and dorsal and median raphe nuclei (R)). A scale bar of 1 mm is provided. 

(B) it presents magnified views of the area outlined by the white square in panel A. (C) Alterations in action 

potential firing by the CB1 receptor agonist ACEA. One population is depolarized (top), another is hyperpolarized 

(middle), and a third has no change (bottom). This reflects the heterogeneity of neuron and astrocyte activity 

within the PPN. 

 

 

C 
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2.2.2. The role of PPN pathological conditions 

The PPN has been shown to be able to regulate motor initiation, duration, rhythm, and 

frequency in a variety of studies that have investigated its impact on locomotion using in 

vivo electrical monitoring, neuromodulation, and pharmacological interventions (Kelland and 

Asdourian, 1989; Dautan et al., 2021).The PPN that have extensive decline in neurons in the 

earliest stages of neurodegenerative diseases, including multiple system atrophy (MSA), 

dementia with Lewy bodies (DLB), Parkinson's disease (PD), and PSP, and express the 

neurotransmitter acetylcholine (ACh) in the PPNs of humans, non-human primates, and 

rodents (Hirsch et al., 1987; Pienaar et al., 2015), glutamate and gamma-aminobutyric acid 

(GABA) (Wang and Morales, 2009; Martinez et al., 2011), and glycine (Pienaar et al., 2015). 

The most frequently studied cholinergic neurons are those that produce ACh; and recent 

research has revealed previously unidentified parcellation of cholinergic inputs to the 

dopamine containing midbrain neurons (Fig.8). Furthermore, to the striatum's direct 

cholinergic projections (Dautan et al., 2014; Dautan et al., 2016). The PPN has also been found 

to be involved in modulating multiple types of locomotion; dystonia may be the source of 

abnormal locomotion produced by PPN intervention (Jankovic and Tintner, 2001). 
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Fig. 8. Neural circuitry and modulation pathways of the pedunculopontine nucleus (PPN). This diagram showing 

the pedunculopontine nucleus (PPN) is divided into two separate areas: the pars compacta (PPNc), which contains 

neurons that synthesise l-glutamate, γ-aminobutyric acid (GABA), and acetylcholine, and the pars dissipata 

(PPNd), which is found across the rostrocaudal region across the nucleus. PPNc is mostly composed of 

cholinergic neurons, which are characterised by the expression of choline acetyltransferase (ChAT). The pallidus 

globus internus (GPi) and substantia nigra pars reticulata (SNr) provide GABAergic inputs to the PPN, whereas 

the subthalamic nucleus (STN) and deep cerebellar nuclei provide direct glutamatergic inputs. Ascending and 

descending projections are provided by cholinergic and noncholinergic neurons within the PPN. The substantia 

nigra pars compacta (SNc), GPi, and intralaminar and correlated nuclei of the thalamus are the main targets of 

ascending projections. The spinal cord, which regulates muscle tone and movement, as well as pontine and 

medullary reticular formation, receives descending projections (Benarroch, 2013). 

The PPN and its connections with basal ganglia are complex networks containing forebrain 

nuclei which are important for motor control. It has been provided that a variety of 

neurodegenerative diseases, including Parkinson's disease (PD), may be directly related to any 

damage or instability of the BG (Pisani et al., 2007). 

Patients with Parkinson's who have reduced thalamic ACh metabolism and recapture are more 

likely to experience falls and FOG (Bohnen et al., 2009, 2019). where the main supply of ACh 

is the PPN. The GPi and SNr's synaptic inhibition and cell death are probably responsible for 

the decline in cholinergic tone. Additionally, in certain patients with PD, cholinesterase 

therapies reduce falls which block the breakdown of acetylcholine (Chung et al., 2010). As a 

result of its importance in movement, deep brain stimulation (DBS) has been recommended as 

a possible therapy for postural instability, falls, and FOG in PD and atypical Parkinsonism. 

This method has produced a range of results. PPN-DBS have shown in numerous PPN-DBS 

improves general gait parameters and FOG in patients with PD (Pereira et al., 2008; Mestre et 

al., 2016). The PPN is a component of the reticular activating system (RAS), which consists 

of nuclei that control attention and consciousness. In order to regulate the tone of muscles 

during sleep and waking, the PPN receives SNr GABA and lateral hypothalamic orexin inputs 

(Takakusaki et al., 2016), REM sleep is suppressed when GABAB receptors are attached 
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(Sakai and Koyama, 1996; Datta and Maclean, 2007). Through thalamic projections that 

control cortical activity, PPN cholinergic neurons facilitate EEG desynchronization and 

alterations in consciousness (Hallanger et al., 1987; Kotagal et al., 2012). PPN cholinergic 

neurons demonstrate resting alpha activity and gamma oscillations associated with awake 

behaviour, respectively, during REM sleep and wakefulness (Steriade et al., 1991; Kezunovic 

et al., 2011). For Parkinsonian patients with severe gait disorders, postural dysfunction, and 

falls, including those with PSP and idiopathic Parkinson's syndrome (IPS), the PPN has been 

suggested as a therapeutic target for DBS. It has been proposed that DBS excites the PPN and 

increasing the ratio of signal to noise may modify the defective movements associated with 

Parkinsonian illnesses. This leads to the design of neuronal processing in the basal ganglia, 

and particular processes could include the release of dopamine by the substantia nigra 

compacta in response to direct cholinergic input of the PPN to the cortex, thalamus, and basal 

ganglia (Plaha and Gill, 2005). 

In 1964, Drs. Steele, Richardson, and Olszewski first described the clinicopathological 

syndrome of PSP, describing a group of patients with postural instability, ocular motor 

abnormalities, facial and cervical dystonia, dementia, and other characteristics (Steele et al., 

1964). Research suggests that some PSP symptoms, particularly those associated with posture, 

gait, and balance, may be caused by degeneration of the PPN. PPN dysfunction may be a factor 

in the movement coordination difficulties observed in patients with PSP, as the PPN is 

involved in the control of motor functions. It is believed that PSP and IPS reflect different 

disease entities even though they have similar clinical characteristics. Compared with IPS, PSP 

usually corresponds to a greater rate of progression of disease and more severe axial 

symptoms, such as gait disturbance (Jellinger, 1988). Patients with both PSP and IPS have 

been reported to have degeneration of the PPN (Hirsch et al., 1987). Histopathological 

investigations have shown that patients with severe gait dysfunction have more declared 

degeneration of cholinergic neurons, and PSP patients have a higher neuronal loss than IPS 

patients. Additionally, recordings from two PSP patients had less recognized neuronal groups 
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than recordings from five IPS patients, which is similarly with a higher loss of PPN neurons 

in PSP as compared to IPS (Weinberger et al., 2008).  

In 98% of patients with PD, sleep disruptions cause excessive sleepiness during the day 

(Comella, 2007). Although the frequency of sleep abnormalities associated with Parkinson's 

disease (PD) is worrisome in and of itself, REM sleep behaviour disorder (RBD) is associated 

with a higher risk of cognitive impairment in PD patients (Marion et al., 2008). RBD may play 

a pathophysiological role in PPN-ACh and Substance-P-expressing neurones. Cortex and 

thalamus cholinergic transmission are reduced in PD individuals with RBD compared to those 

without RBD, despite equal illness duration and age of onset (Kotagal et al., 2012; Bedard et 

al., 2019). Additionally, RBD symptoms are reduced by AChE inhibitors, suggesting that 

cholinergic tone loss may be the cause of RBD (Ringman and Simmons, 2000). 

2.2.3. KCNQ4 contribution to neuronal excitability and synchronization in the PPN 

 

In the central nervous system, multiple brain regions express KCNQ2, KCNQ3, and KCNQ5, 

while KCNQ4 is limited to specific nuclei within the auditory brainstem, including the 

cochlear nuclei, nuclei of the lateral lemniscus, and the inferior colliculus (Kharkovets et al., 

2000; Delmas and Brown, 2005; Brown and Passmore, 2009). Additional brainstem areas 

where KCNQ4 is expressed are the principal and spinal trigeminal nuclei, as well as 

components of the reticular activating system (RAS) such as the raphe nuclei and the ventral 

tegmental area (VTA) (Kharkovets et al., 2000; Hansen et al., 2008). Previously, we found in 

our lab that cholinergic neurons, but not glutamatergic ones, in the PPN have the M-current. 

Activation of cholinergic inputs to the PPN can reduce this current. The M-current helps 

synchronise nearby neurons, uses different methods to show that a subgroup of cholinergic 

neurons express KCNQ4. Mice lacking KCNQ4 showed changes in their activity cycle. Our 

findings suggest new roles for KCNQ4 in CNS, specifically in determining the makeup of 

KCNQ channels in RAS. This, in turn, affects the RAS's electrical properties, which then 

influences the activity cycles. As KCNQ4 is mainly found in specific brainstem areas, drugs 

that target this subunit could be potential treatments for sleep-wake cycle problems 
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(Bayasgalan et al., 2020). 

KCNQ4 is also found in some places outside the brain, notably in the outer hair cells of the 

cochlea (Kharkovets et al., 2000, 2006; Carignano et al., 2019). When this subunit has a 

dominant negative mutation, it causes hereditary hearing loss that is not linked to other 

conditions (DFNA2) (Kharkovets et al., 2000, 2006). This condition involves the gradual 

breakdown of outer hair cells as people age (Carignano et al., 2019). Interestingly, where 

KCNQ4 is expressed overlaps a lot with the brain network responsible for the startle reflex, 

which is a rapid motor response to strong, potentially dangerous stimuli. In mice, can 

distinguish between startles triggered by acoustic, vestibular, and tactile stimuli (Koch, 1999) 

(Fig.9). Problems with the cochlea or the central nervous system can either make the acoustic 

startle reflex stronger or weaker, and how it's changed can be seen in various diseases or 

conditions (Bakker et al., 2006; Dreissen et al., 2012; Zhang et al., 2022 a, b). 

 

 

 

Fig. 9. Neural pathways and mechanisms of the startle reflex. Shows where KCNQ4 is expressed, the pathways 

involved in the startle reflex, and the brain areas used for chemogenetic stimulation. Black squares indicate the 

areas where KCNQ4 is present. Red squares show areas expressing mCherry in this study. Yellow symbols 

represent the main startle reflex pathway. Brown symbols show pathways for the tactile startle. The blue symbols 
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indicate acoustic startle pathways. Purple symbols represent the vestibular startle pathways. Green symbols 

show pathways that modify the startle reflex (Koch, 1999; Kharkovets et al., 2000). KCNQ4 stands for potassium 

voltage-gated channel subfamily Q member 4. 

2.3. Behavioral testing in neuroscience research: methods and applications  

Behavioural tests play a crucial role in studying neurological disorders, as they provide 

valuable insights into the functional effects of neurological changes. These tests are designed 

to assess various aspects of animal behaviour, allowing researchers to link the observed 

behavioural changes to specific neurological conditions. 

The pedunculopontine nucleus is involved in various functions including locomotion, arousal, 

sleep-wake regulation, and reward processing. Behavioral tests used to evaluate PPN function 

in neuroscience research typically focus on these domains by understanding how specific 

biological processes and behaviors are mapped over neural circuitry is one of the main goals 

in neuroscience. 

The circadian rhythm and exercise motivation of rodents can be evaluated using voluntary 

wheel running. Sleep and psychiatric disorders are associated with deficiencies in these 

behaviours. Although running wheels require more energy from rodents, they generally 

increase voluntary activity. This can be beneficial for phenotypic analyses because it amplifies 

the activity differences between the control and mutant groups. This amplification is especially 

useful when examining the circadian rhythm of wheel-running activity, as rodents typically 

only engage in voluntary activity during their active phases (Novak et al., 2012). Rodents 

clearly perceive wheel running as a reward, and comparative psychologists have long viewed 

it as classic self-motivated behaviour. Sherwin's review of the evidence demonstrates that 

various species are often highly driven to run on wheels, even without any external reward is 

present (Sherwin, 1998). Understanding the neural bases of cognition can be significantly 

enhanced by connecting behavioural changes that occur at specific times during development 

with simultaneous shifts in how the brain functions. Among effective tests to evaluate spatial 

learning and memory deficits in rodents by the Barnes maze (BM) task. It operates on the 



31   

principle that an animal, when placed in an unpleasant environment, will learn and recall where 

an escape box is located under the platform's surface.  

Although the Morris Water Maze (MWM) is the primary method for evaluating spatial 

learning in rodents, the Barnes maze has several notable advantages. A major advantage is that 

the Barnes maze does not require swimming, thus avoiding potential complications associated 

with it. Swimming is known to be stressful, with studies showing that MWM training raises 

plasma corticosterone levels more significantly than the Barnes maze does (Harrison et al., 

2009). Additionally, the swimming conditions common in most (MWM) procedures can lower 

the animal's core body temperature, thereby impacting their performance (Iivonen et al., 2003). 

Furthermore, rodents frequently begin floating, which is interpreted as a state of behavioral 

despair and serves as an indicator of "depressive-like" behavior in the widely recognized 

Porsolt forced swim test (Porsolt et al., 1977). Finally, as previously noted, the Barnes maze 

provides a clear distinction between the three search strategies employed by a mouse during 

each trial.  

Acoustic startle reflex (ASR), used for anatomical, physiological, and behavioral methods, 

researchers have identified the pathways responsible for mediating and modulating, which is 

referred to as the startle response, is an involuntary and natural response to a sudden and 

unexpected stimulus, like a loud noise or a quick movement (Fig.10). Startle reflex 

abnormalities have been noted in several clinical applications and understanding these changes 

can have an impact on both diagnosis and treatment. The startle reflex can be considered a 

habitual defensive response (in contrast to a directed response). The body becomes habituated 

to greater startles and reduces the intensity of the startle reflex as the number and frequency of 

startles increases. This type of response is relative protection of the human body. The ASR is 

a useful tool for understanding the fundamental functions of the CNS. It is characterised by 

basic brain circuits, cross-species consistency, and sensitivity to behavioural experiments 

(Pantoni et al., 2020). Depending on what is categorised as olfactory, vestibular, tactile, visual, 

or auditory, the olfactory only exists in fish, and the visual is a characteristic of primates. 
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Among these (ASR) also known as, has been the most widely studied clinical research 

experiment (Kumru et al., 2009). This could be associated with differences in the stimulus 

processing times of the recognised sensory modalities, such as sound stimuli, which require 

less processing time than visual stimuli. This difference may be related to the auditory cortex's 

shorter distance from the ear and the ear's faster conduction time. Few studies have been 

conducted on the tactile startle reflex in contrast to the auditory startle reflex, which can 

frequently result in a local reaction which leads to a specific incubation period and an 

unexpected response (Ertuglu et al., 2019). 

These possibilities and approaches have been made possible by the diagnosis and monitoring 

of ASR in cases of brain injury, stroke, and psychological disorders. The startle reflex is useful 

as an indicator of disease; therefore, more research in this area is essential for both detecting 

and treating clinical conditions. The startle reflex changes in certain disease states, such as 

those involving the central nervous system traumatic brain damage, stroke, neurodegenerative 

diseases (Alzheimer's disease and Parkinson's disease), and some mental system diseases 

(schizophrenia) (Kumru et al., 2009). Hyperekplexia, or hereditary startle diseases, is 

characterised by an exaggerated startle response to typical stimuli and increased muscular tone 

in newborns, with origins that can be both psychological (intensified reactions to emotional 

stimuli) and seizure-related (thought to be astatic seizures) (Dreissen et al., 2012). 

Human studies involving physiological aging have indicated a reduction in ASR magnitude, 

an increase in ASR latency, an inverted U-shaped function of PPI with age (indicating peak 

PPI amplitude at intermediate ages), and no significant changes in startle habituation 

(Ellwanger et al., 2003). Reduced habituation to repeated auditory stimuli has been observed 

in Alzheimer's (Golob et al., 2001). Negative stimuli stimulate the system of defence (aversive 

states), resulting in the potentiation of the ASR, while positive stimuli engage the appetitive 

system, leading to a reduction in ASR amplitude (Lang et al., 1990), the positive, negative, 

and neutral images from the International Affective Picture System produce contrasting effects 

on startle modulation in older and younger individuals. While younger adults showed  
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an increase in startle response (reduced inhibition) when viewing negative images compared 

to positive and neutral images, older adults showed a similar effect when viewing positive 

images compared to negative and neutral images. This pattern suggests that older adults are 

more likely to spontaneously inhibit responses to negative stimuli and process positive stimuli 

than are younger adults (Feng et al., 2011; Le Duc et al., 2016). Older adults also demonstrate 

better recall of positive information than negative information than younger adults (Sasse et 

al., 2014). 

 

Fig. 10. Major acoustic startle reaction in the mouse brainstem. First, the cochlea's auditory receptors are activated 

by a sudden, loud sound. Following then, cochlear root neurons, which have first-spike latencies around 2.2 ms 

and a reliable response, are synaptically connected to auditory nerve fibres (Gómez-Nieto et al., 2013, 2010; 

Sinex, López and Warr, 2001; López et al., 1999). The large neurons located in the pontine reticular formation 

(PnC) receive this short-latency acoustic input and respond with 5.2 ms short latency (Lingenhöhl and Friauf, 

1994; Lee et al., 1996; López et al., 1999). Lastly, axons from the acoustically driven PnC neurons connect to 

spinal cord motoneurons to provide an acoustic startle reflex with electromyographic latencies ranging from 6 to 

10 ms (Caeser, Ostwald and Pilz, 1989; Davis et al., 198; Ison, McAdam and Hammond, 1973). The line width, 

which can be observed in coronal brainstem sections, indicates side preponderance within the circuit. The CRN 

axons mainly target contralateral PnC neurons as they pass through 

the trapezoid body (Nodal and López, 2003; López et al., 1999). In this model, projections from cochlear root 
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neurons to other non-auditory nuclei that take part in the whole expression of the pinna and acoustic responses 

are not shown (Horta-Júnior et al., 2008; López et al., 1999). 

In PSP, which is a sporadic neurological disorder that develops in adult and currently referred 

to as Richardson’s syndrome (PSP-RS), is characterised by postural instability resulting falls 

early as well as oculomotor abnormalities, mainly affecting vertical more than horizontal eye 

movements, specifically characterised by saccadic slowness that progresses to supranuclear 

gaze palsy (Boxer et al., 2017). The absence of startling acoustic stimulus (SAS) induced 

effects in patients with PSP. The degeneration of pontine nuclei is a common pathological 

finding in progressive supranuclear palsy (PSP) (Zweig et al., 1987; Malessa et al., 1991; 

Juncos et al., 1991; Malessa et al., 1994). 

Most neurological conditions, including damage to the central and peripheral nervous systems, 

lead to gait changes. It is generally accepted that understanding the specifics of animal limb 

movements during walking—both after an injury and during recovery from spinal cord or 

peripheral nerve damage, when assessed using the right models—is crucial for evaluating these 

conditions. Gait analysis is an essential method for studying mouse models because it provides 

measurable behavioural data on how a particular disease, injury, or drug affects an animal's 

movement. Neurodegenerative diseases cause a gradual decline in brain cells, which 

eventually leads to death. This progressive loss of neurons impairs neuromuscular control, 

resulting in issues with balance and walking (known as ataxia) or dementia (Emard et al., 1995; 

Lewis et al., 2019). In recent decades, researchers in the medical field have focused on gait 

analysis. Although there is a broad range of neurodegenerative conditions, most research 

attention has been directed toward gait pathologies associated with Alzheimer's disease, 

Parkinson's disease, Multiple Sclerosis, Amyotrophic Lateral Sclerosis, Huntington's disease, 

and various types of dementia (see, Table 1). In addition, PSP is an uncommon neurological 

disorder that affects on movement, gait, and balance. 

The earliest and most disabling symptoms of PSP is impaired gait and balance. Patients with 
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PSP lose their postural reflexes, coupled with a peculiar unawareness of their balance 

problems, which often leads to frequent falls and injuries. This significant postural instability 

has been related to a combination of impaired vision and balance, axial rigidity (stiffness in 

the trunk), bradykinesia (slow movement), and impaired postural reflexes. Initiating gait is 

recognised as a highly demanding task for the balance control system and is often used in 

research to study how the central nervous system controls balance during full-body movements 

(Isaias et al., 2014, Yiou et al., 2017). 

Table 1. shows characteristics of gait in the most common neurodegenerative diseases (Cicirelli et al., 2022). 

 

Neurodegenerative Disease   Gait Characteristics 
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Aims 

 

• Chronic activation study: 

i. Astrocytic overstimulation within the PPN using chemogenetic tools to precisely 

investigate the functional role of astrocytes within the PPN. The PPN plays a role in 

reward processing, sleep-wake regulation, arousal, and motor control. Because 

astrocytes behave differently in different parts of the brain, it is crucial to precisely 

target PPN astrocytes to investigate their contribution to these important physiological 

processes. This study employs a chemogenetic approach utilizing the hM3D(Gq) 

(human muscarinic M3 Designer Receptor Exclusively Activated by Designer Drugs) 

system. This system offers a powerful tool for selectively manipulating astrocyte 

activity without directly affecting neighbouring neuronal populations, thereby 

minimising confounding variables. 

ii. To create an animal model of PSP, that causes damage to the PPN. The model will be 

a beneficial tool for examining the pathophysiology of PSP and identifying potential 

treatments. 

• KCNQ4 study: 

i. investigated whether KCNQ4 subunit loss is affected by the startle reflex, and whether 

these changes are caused by brainstem hyperexcitability. 
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3. Material and methods 

 

3.1. Animals and preparation 
 

All animal experiments followed the rules set by local, national, and international authorities, 

including EU Directive 2010/63/EU, and were approved by the Hungarian National Food 

Chain Safety Office (HB/06-ÉLB/129-1/2020; 19/2019/DEMÁB, HB/15-ÉLB/00136- 

42/2023; 3/2023/DEMÁB). 

In this experiment, we used 20 young adult male (2-month-old) mice, of which 16 were wild-

type C57Bl6 mice and four were ChAT-tdTomato mice. We labelled the latter mouse a 

cholinergic neuron by expressing the tdTomato fluorescent marker under the control of the 

ChAT promoter (Baksa et al., 2019). In the animal facility, the mice were produced in the 

animal facility by mating homozygous strains of ChAT-cre (B6;129S6-Chat tm2(cre)Lowl/J; 

Jax number: 006410) and floxed-stop-tdTomato (B6;129S6-Gt (ROSA)26Sor tm9(CAG- 

tdTomato) Hze/J; Jax mice the accession number: 007905) that were obtained from Jackson 

Laboratories (Bar-Harbour, ME, USA). 

For the KCNQ experiments, Prof. Thomas Jentsch (MDC/FMP, Berlin, Germany) kindly 

provided the KCNQ4 knockout strain (Kcnq4−/−). In our facility, we bred heterozygous 

animals using 2-month-old knockout mice and their wild-type littermates (n = 8) and 

knockouts (n = 14). We used 12 more wild-type mice from the same breeding group for the 

viral injections. We stereotaxically injected a prepared retrogradely spread adeno-associated 

virus (AAV) into young adult mice (7–8 weeks old) of both sexes. The mice were housed with 

their littermates under standard animal facility conditions, which included regular cycles of 

light and dark. Water and food were accessible to them. 

In the study focused on activating astrocytes, 20 mice underwent surgery; 13 of them were in 

the DREADD experimental group, which showed a specific marker called hM3D-(Gq) and an 

mCherry tag in their mesopontine astrocytes; the other 7 mice were in the control group, only 

showing the mCherry tag; and 16 mice were used for behavior tests, not including the 
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two-bottle preference test. The last 4 mice in the DREADD group were used for the two- bottle 

preference. Some data were excluded from the analysis because of technical issues during the 

tests. The remaining 4 mice in the DREADD group were assigned to the two- bottle preference 

test. Certain measurements were removed from the analysis because of technical problems 

encountered during the tests. The number of mice used in the behavioral tests is shown in Table 

2. 

Table2: The Number of animals used for behavioural experiments in both studies. 

 

 

Chronic activation of 

Astrocyte 

Acoustic 

startle 

test 

Activity 

wheel 

test 

Barnes 

maze 

test 

Footprint 

test 

two-bottle 

preference 

test 

DREADD 

(hM3D-(Gq) and mCherry- 

expression in astrocytes) 

8 6 7 9 4 

Operated control 

(mCherry-expression in 

astrocytes) 

7 6 7 6 - 

 

KCNQ4 Knockout 

Acoustic 

startle 

test 

Activity 

wheel 

test 

Barnes 

maze 

test 

Footprint 

test 

two-bottle 

preference 

test 

Wild type 

KCNQ4 KO strain (Kcnq4−/−) 

8 - - - - 

Knockouts 

KCNQ4 KO strain (Kcnq4−/−) 

14 - - - - 

DREADD 

Wild-type C3H mice (hM3D-(Gq) 

and mCherry-expression in 

neurons). 

12 - - - - 

3.2. Stereotaxic surgery 
 

For anaesthesia, mice received intraperitoneal injections of xylazine (10 mg/kg) and ketamine 

(100 mg/kg). Complete anaesthesia, indicated by a lack of flexor and blinking reflexes, was 
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achieved. All surgical procedures were performed using sterile instruments. Mice were placed 

on a 37 °C heating pad to monitor their body temperature. The head was secured within a 

stereotaxic frame (RWD Life Science Co., LTD, Shenzhen, China), and hyaluronic acid eye 

drops (Vizol S 0.21% eye drop, Penta Pharma Co., Budapest) were administered to the eyes to 

prevent corneal damage. 

Following to the skin incision and trepanation by applying a microdrill (RWD Life Science 

Co., LTD, Shenzhen, China), a 200 nl viral volume for targeting the PPN in chronic activation 

of astrocytes (titer: 2 x 10^13 GC/ml for (AAV5)- pAAV-GFAP-hM3D(Gq)- mCherry and 

1.7 x 10^13 GC/ml for pAAV-GFAP104-mCherry (AAV5)). For KCNQ study the same 

volume used (titer: 2 x 10^13 GC/ml for (AAVrg)-pAAV-hSyn-hM3D(Gq)- mCherry and 1.7 

x 10^13 GC/ml for pAAV-hSyn-mCherry, (AAVrg) in the caudal pontine nucleus (PNc) was 

injected through a Hamilton syringe and microinjector (RWD Life Science Co., LTD, 

Shenzhen, China). The surgical approach aimed to provide bilateral injections were performed 

using the following stereotaxic coordinates in PPN: 4.96 mm caudal from bregma, 1.25 mm 

from the midline, and 3.4 mm in depth. Mice were recived a pAAV-GFAP-hM3D(Gq)-

mCherry (AAV5) virus vector containing a plasmid that encodes the hM3D(Gq) chemogenetic 

actuator and mCherry fluorescent tag, both expressed under the GFAP promoter. For the 

control group was administered a plasmid that only contains the fluorescent marker for 

mCherry (pAAV-GFAP104-mCherry (AAV5), provided by Edward-Boyden; Addgene 

plasmid # 58909; http://n2t.net/addgene:58909; RRID: Addgene_58909) for the chronic study. 

While the stereotaxic coordinates of KCNQ group was performed bilaterally 6 mm from 

bregma and 0.6 mm from the midline at 5 mm depth of the caudal pontine reticular nucleus 

(PnC) and areas projecting to it (Maamrah et al, 2023). Mice recived the pAAV-hSyn- 

hM3D(Gq)-mCherry virus, including plasmids that encode the mCherry tag and the human 

M3-muscarinic (hM3D-Gq) chemogenetic actuator (provided by Bryan Roth; Addgene 

plasmid # 50478; http://n2t.net/addgene:50478; RRID: Addgene_50478), prep #50474- 

AAVrg; http://n2t.net/addgene:50474; RRID: Addgene_50474. The control contained a 
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pAAV-hSyn-mCherry, a gift from Karl Deisseroth (Addgene viral prep #114472-AAVrg; 

http://n2t.net/addgene:114472; RRID: Addgene_114472), that mCherry tag as control 

expressed in neurons. 

 

Fig. 11. Stereotaxic surgery setup: (A) Mice were positioned on a platform fitted with stereotaxic instruments to 

ensure accurate injection into the PPN. (B) AAV viral vector carrying the DREADD construct was delivered at 

the targeted injection site. 

Fig. 12. Stereotaxic surgery of the PPN in mice (A) Mice were placed on a platform equipped with stereotaxic 

equipment for precise injection into the PPN. (B)Location of injection of AAV viral vector containing DREADD. 

After surgery, bone wax was used to close the skull, and the skin was sutured with 5-0 Vicryl 

(Ethicon). Postoperatively, mice received ibuprofen as a painkiller (30 mg/kg: Nurofen Baby, 

Reckitt Benckiser Ltd., Budapest, Hungary) at the end of anaesthesia and for the next 2 days 

after surgery. They were placed in individual, ventilated cages for a duration of 7 days 

postoperative care.  
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Clozapine-N-oxide (CNO) was administered in drinking water, and mice were administered 

to observe chronic actions of astrocytic overstimulation. After recovery, the mice underwent 

behavioural tests to observe the chronic actions of astrocytic overstimulation in the first group 

of experiments. While for the KCNQ study, only the acoustic startle reflex was used to assess 

the same outcome, examining its effect on the startle response in KCNQ4 knockout mice. 

3.3. Behavioral tests 

All behavioural tests were conducted in the sequential order illustrated in Fig 19, both before 

and after the 3-week consumption of CNO (Tocris Cookson Ltd., Bristol, UK; 1.04 mg/kg 

ingested; 4 µg/ml, 9.6 µM in drinking water). The dosage was calculated based on the average 

water consumption measured during the drinking experiments using a two-bottle preference 

test (see below). 

 

 
 

Fig. 13. Experimental approach and sequence of procedure, treatment, and behavioural test. 

3.3.1. Two bottle preference tests 

 

This test measured any bias related to low intake or overdose of CNO and compared the 

consumption of normal tap water with that of CNO water with respect to reward and 

motivation. In this experiment, mice were placed in cages, each containing a pair of drinking 

bottles. In the first 3 days of the experiment, both bottles were filled with the same solution, 
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especially tap water, and the total amount of liquid consumed, measured in millilitres, was 

recorded within these 3 days duration. Subsequently, for the next 3 days, the bottle labelled in 

red was filled with tap water with (CNO) at a concentration of (4 µg/ml; 9.6 µM). The mice 

used in this study were different from those used in the main experiment. (Fig.14) 

 

 
Fig. 14. two-bottle preference test for CNO. A. Experimental setup with two bottles containing tap water or CNO 

dissolved in tap water. Paper boxes were used to cover the bottles because of their sensitivity to light. 

3.3.2. Activity wheel test 

 

This test was used to assess voluntary physical activity and maximal velocity, and the mice 

were individually housed in running wheel-equipped cages for 10 days. Data from the initial 

three-day adaptation period were not included in the analysis. This test helps assess the 

circadian rhythm of the mice, and how it is influenced by various regions of the CNS that play 

a role in sleep-wakefulness regulation (Verwey et al., 2013). As discussed previously, 

cholinergic, and glutamatergic neurons in the PPN have a vital role in initiating and promoting 

wakefulness. Astrocyte contribution to this mechanism is a strong possibility and the activity 

wheel test can be used to evaluate it. In this experiment, after a week of habituation without 

measurements, the mice were exposed to a 24-hour light-dark cycle (6 AM to 6 PM light) for 

one week. During this time, we measured the number of activity wheel rotations in 10-minute 
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intervals, the distance travelled in centimetres, and the maximal running velocity in meters per 

minute (Fig.15). 

 

 
Fig. 15. Indviual Activity wheel staup, mice are housed in cages equipped with a running wheel and maintained 

under a 24-hour light-dark cycle. Wheel rotations were recorded to determine distance-related measures and to 

assess the activity levels of the mice. 

3.3.3. Barnes maze test 

 

The Barnes maze experiment was performed to evaluate spatial learning and memory. This 

procedure enables the mice to move from a serial/random search to a spatial learning method 

that requires functional retention and spatial reference memory (Pitts 2018; Gawel et al. 2019). 

In this experiment, mice were placed in an elevated circular maze with 20 holes around the 

perimeter. The maze was illuminated from above via light with a behavioural camera. An 

escape box was consistently placed beneath one of the holes throughout the experiment. 

At the beginning of each measurement, a box was temporarily placed over the mice and then 

removed to allow exploration. 60 dB white noise was simultaneously applied, the mice were 

positioned at the centre of the maze, and recording began, continuing until they found the 

escape box. The experiment consisted of two phases, an acquisition phase, and a probing trial. 

During the acquisition phase, the mice were placed in the centre of the maze and allowed to 

freely explore until they found the escape box. If they failed to find the box within 3 min, they 

were placed inside it for 15 s. 
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All mice underwent training twice daily for 5 days, with a 1-hour interval between the two 

trials, under constant white noise. During the probe trial, 3 days after the acquisition phase was 

complete, the escape box was removed, and mice were placed in the centre and allowed to 

explore. Eventually, the mice determined the location of the shelter before being placed, and 

a single trial per mouse was conducted at this phase. To minimise odour interference, the maze 

was cleaned with disinfectant wipes between each trial. The maze orientation and the 

surrounding environment remained similar throughout the experiment. We measured the 

overall distance and duration spent by the mice to find the shelter using ImageJ. The 

experiment was conducted twice: before and after chronic CNO treatment. 

 

Fig. 16. Barnes maze experiment for assessing spatial learning and memory in mice (A) The mouse is placed on 

the centre of the platform and allowed to explore until it finds the escape chamber placed underneath the holes. 

(B) Distance after measurement and analysis using analysis software (Maamrah et al., 2025). 

3.3.4. Startle reflex test 

 

The startle reflex test assesses the neurological responses to sudden stimuli. It is commonly 

used in various clinical settings to evaluate sensory processing and neurological functions. We 

used a setup that was developed to test the acoustic startle reflex (AR). The setup involved a 

transducer connected to a perforated plexiglass box, which limited the animal's lateral 

movement. The mice were habituated to the Plexiglas box, which had been in their cage for 

one week, during which they often used it as shelter. A constant 60-dB white noise was used 
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as the background, while a camera recorded the movement of the mouse (Maamrah et 

al.,2023), with 105 dB noise, administered five times consecutively at 1-minute intervals, 

induced the acoustic startle response and measured short-term habituation. 

The amplitude of the initial startle response, average of five responses, and short-term 

habituation were measured. Short-term habituation was identified by a decrease in amplitude 

across the five measured responses (Catharine et al., 2009). 

 
 

Fig. 17. Investigation of the acoustic startle reflex. (A) The mouse was placed in a box hanging from the 

transducer device. A 60 dB white noise was used, and 105 dB noise was employed 5 times with 1-minute gaps to 

initiate the startle reflex in the mouse. The movement of the box was picked up by the transducer which was 

amplified and measured on a computer program as the amplitude. (B) The setup was confined to a Styrofoam box 

with a tripod holder placed on top to hold the hanging box. (C) Top view of the setup inside the box.
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3.3.5. Footprint test 

 

The footprint test in mice is primarily used to assess locomotor activity and analyze gait 

patterns (evaluate motor coordination, balance, and measure changes in muscle tone and gait), 

which are key functions regulated by the pedunculopontine nucleus. The setup involved a 

blank white piece of paper placed on a clean smooth surface, an escape box positioned 50 cm 

away from the starting point at the top of the paper, and two cardboards walls surrounding both 

sides of the paper. A separate piece of cardboard was physically positioned along the bottom 

edge of the paper during the experiment to prevent mice from escaping. The result was a one-

way path to the shelter with no exits from any other side; the path measured 45-50 cm in length, 

but only the middle 30 cm was used for the analysis. 

A test procedure involves taking a mouse from its cage and placing it on the paper surface, 

allowing it to move towards the vessel positioned on the upper section of the paper. Following 

this habituation phase, they were removed from the shelter, the front paws of the mouse were 

labelled with red food dye, and the hind paws were labelled with blue food dye (Szilas 

Maxcolor, Szilasfood, Kistarcsa, Hungary). Stride length, sway length, and stance length of 

the forepaws and hind paws were measured in centimetres (Girirajan et al., 2008). 

 

Fig. 18. Footprint test: The front and hind feet of mice are painted in red and blue, respectively. The mice were 

then allowed to run from one end of a blank piece of paper to the other end where a shelter box was placed. The 
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test was performed before and after CNO treatment. The stride length, overlap, and width between footprints 

were measured, as labelled in the figure. Further calculation of the hind-to-front width ratio was performed to 

better describe the change in muscle tone and gait after CNO treatment. 

3.4. Immunohistochemistry 
 

After completion of the behavioural measurements, transcardial perfusion was performed on 

the mice to assess the injection site and mCherry labelling. Brain samples were sliced to a 

thickness of 50 µm using a vibratome (Campden Instruments, Loughborough, UK), and free- 

floating slices were fixed in 4% PFA for histological analysis. A slice thickness of 50 µm is 

appropriate for light microscopy visualisation, whereas a thickness of approximately 50 nm is 

frequently appropriate for electron microscopy (Pivak et al., 2023). The process started with 

washing the free-floating slices three times for 10 min each in Tris-Buffered Saline (TBS). 

TBS, an isotonic and non-toxic buffer, is frequently used in several biochemical methods to 

maintain a consistent pH (Ferreira et al., 2015). The TBS solution used in the IHC method can 

be prepared by dissolving commercially available TBS pouches or tablets, then the blocking 

that required incubating the brain slices for 60 minutes at room temperature in a solution 

including 10% donkey serum and 0.5% Triton-X 100 in TBS.  

This solution was used to block non-specific binding sites. Triton-X 100, a non-ionic 

surfactant, is commonly used to lyse cells for component extraction or to permeabilise cellular 

membranes (Koley and Bard, 2010). 

This permeabilization step facilitates enhanced antibody penetration and staining. 

Subsequently, primary antibody staining was performed. Then, rabbit anti-NeuN primary 

antibody, diluted 1:1000 in a solution containing 1% serum and 0.5% Triton-X 100 in TBS, 

was incubated with the tissue slices for 48 h at 4°C. NeuN is commonly used in 

immunohistochemistry to label neurons in brain tissue sections (Gusel’nikova and 

Korzhevskiy, 2015). The brain slices from each mouse group have been identified as negative 

controls, in which no primary antibody was applied. This indicated that any detectable signal 

resulted from specific binding rather than non-specific interactions. 
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After the application of the secondary antibody, the slices were washed with TBS. The 

secondary antibody solution, including donkey anti-rabbit Alexa Fluor 488 diluted 1:1000 in 

1% serum and 0.5% Triton-X 100 in TBS, was added to all slices, including negative controls, 

and incubated for 24 h at 4°C. Alexa Fluor 488 is a highly sensitive and distinct fluorescent 

dye suited for cellular visualization under a microscope (Thermo Fisher Scientific; absorption 

495 nm, emission 519 nm). The indirect labelling used in this experiment improved the signal 

and immunoreactivity relative to direct labelling. After an additional wash, the samples were 

stained with DAPI (absorption 358 nm, emission 461 nm), a fluorescent dye that accentuates 

DNA by adhering to regions abundant in thymine and adenine. Under ultraviolet light in a 

fluorescence microscope, DAPI shows a blue or cyan illumination, facilitating the 

visualization of the nuclei. This step was essential for the identification of nuclei in the later 

counting of neurons. 

The immunohistochemical process ended with the visualization by a confocal microscope in a 

dark room. Brain slices from both mouse groups were collected using a neuron-counting 

procedure. To confirm that mCherry was expressed in GFAP-positive cells, the tissue samples 

were stained with anti-GFAP and a blue fluorescent secondary antibody. The other samples 

were used for cell counting. In experiments on ChAT-tdTomato mice, NeuN (a neuronal 

marker) was labeled with a green fluorescent antibody. For wild-type mice, NeuN was labeled 

with a blue fluorescent antibody, and choline acetyltransferase (ChAT) was labeled with a 

green fluorescent antibody. 

3.5. Statistics 
 

The mean ± SEM has been applied for all data. Normality tests were used to evaluate the 

datasets normal distribution, and the student’s t-test was used to determine statistical 

significance (the level of significance: p < 0.05).
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4. Results 

 
4.1. Post-injection site evaluation 

 

In the KCNQ study, the injection site, and the regions of mCherry expression were evaluated 

post hoc for mice that underwent viral injection. First, the mice were transcardially perfused 

with 4% paraformaldehyde and a vibratome (Campden, Loughborough, UK) that was used to 

cut 80-µm slices and then post-fixed for 24-h. Slices were scanned with a confocal microscope 

(Zeiss LSM 700 Live; Carl Zeiss AG, Oberkochen, Germany) mounted on a coverslip using 

mounting media containing 4',6 diamidino-phenylindol. The injection target was the 

pedunculopontine nucleus (PPN), which was located 4.26-4.96 mm caudal to the bregma. 

However, mCherry expression in astrocytes extends beyond the PPN, including the 

neighbouring regions. 

Many brainstem regions showed expression, including the dorsal one-third of the oral pontine 

reticular nucleus, middle region of the mesencephalic reticular formation, and retrorubral field 

and nucleus. Also contributing to these processes are the precuneiform nucleus (PrCnF), the 

lateral and ventrolateral periaqueductal grey, the lateral side of the dorsal raphe nucleus, the 

medial paralemniscal nucleus, the microcellular tegmental nucleus, and the ventral portion of 

the cuneiform nucleus. (Paxinos and Watson 2013; Fig.19). 
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Fig. 19. Regions of astrocytic mCherry expression in the mesopontine region A. Composite image of 6 coronal 

mesencephalic sections represented in panel B. Individual coronal sections ranging from 4.26 to 4.96 mm caudal 

to the bregma, by 160 µm. Gray lines: contours of the brainstem, aqueduct, and periaqueductal gray. Red contours: 

pedunculopontine nucleus. Coloured regions: Specific locations of bilateral mCherry expression. Scale bar: 1 mm. 

4.1.1. Two bottle preference test 

 

During the preliminary experiment, a two-bottle preference experiment was conducted to 

evaluate mouse water consumption and the effects of CNO dissolution. No significant 

variation in consumption was observed while using tap water in both leakage-free bottles (left 

bottle: 15.9 ± 8.8 ml/3 days; right bottle: 24.6 ± 10.1 ml/3 days; n.s.). Daily water consumption 

was 6.75 ml. Based on the average weight of the first four mice (26.96 ± 2.93 g, a CNO 

concentration of 4 µg/ml was calculated for a daily dosage of 1 mg per body kg. the comparison 

between one bottle containing tap water and another with 9.6 µM (4 µg/ml) CNO 

dihydrochloride, no significant difference in consumption was observed (tap water: 18.66 ± 

3.84 ml/3 days; CNO: 20 ± 6.93 ml/3 days). 

The CNO concentration in the drinking water was first determined to achieve a consumption 

of 1 mg/kg based on the available data. However, the average body weight of the further 16 

mice was 25.7 ± 3.33 g; thus, the calculated daily CNO exposure was slightly higher as planned 

(1.04 mg/kg). Therefore, no preference for or avoidance of CNO consumption is observed. 
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followed a similar strategy for chronic administration of CNO in drinking water (Zhan et al., 

2019). 

4.1.2. Activity wheel test 

 

In the DREADD group, mice exhibited increased restlessness during the resting period (when 

the cages were lit), whereas the control group remained unaffected (Fig. 20). In the control 

group, inactivity levels showed no significant change in darkness after CNO drinking and light 

(resting period: Fig. 20A-B). Likewise, the daily travel distances in mCherry-expressing mice 

remained unchanged (Fig. 20C). Additionally, CNO treatment did not alter the maximal 

running speed in the control after CNO (Fig. 20D). 

In the hM3D(Gq)-expressing DREADD group, some activity measures showed changes (Fig. 

20E). The proportion of inactivity during the active phase (darkness) did not change 

significantly (Fig 25. F). However, during illumination (resting period), the resting time 

significantly decreased (Fig 25F). Total activity remained unaffected (Fig. 20F). Similar to the 

controls, daily running distances in the DREADD group after CNO were unchanged (Fig. 

20G). Notably, CNO treatment significantly increased the maximal running speed in 

DREADD mice during the luminated (resting) period (Fig. 20H). Table 3, that showed all 

statistical numbers in control and DREADD groups. 
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Table 3: The statistical analysis that showed the effects of DREADD activation on inactivity, travel distance, and 

running speed in mice. 

Measure Phase 

Control 

(mCherry) 

Before 

Control 

(mCherry) 

After 

DREADD 

(hM3Dq) 

Before 

DREADD 

(hM3Dq) 

After 

Significant 

Change 

Inactivity 

(%) 
Darkness 23 ± 5.7 30.8 ± 4.9 24.1 ± 3 31.3 ± 2 No 

 Light 80.7 ± 3.8 77.5 ± 5 81.3 ± 1.4 74.3 ± 2 Yes (p = 

0.02) 

 Total 52 ± 2.3 54 ± 3 52.7 ± 1.6 52.8 ± 1.9 No 

Daily 

Travel 

Distance 

(m/day) 

Darkness 6215 ± 

1602 

5540 ± 1255 7713 ± 3076 5259 ± 369 No 

 Light 117 ± 107 81.5 ± 72 63.6 ± 21 169.1 ± 79.2 No 

 Total 6347 ± 

1607 

5522 ± 1228 7776.6 ± 

3083 

5428 ± 354 No 

Max 

Running 

Speed 

(m/min) 

Darkness 25.6 ± 1.66 25.3 ± 3.1 24.7 ± 2.89 27.47 ± 2.05 No 

 Light 3.9 ± 2 4.3 ± 1.6 2.77 ± 1.61 8.45 ± 1.99 Yes 
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Fig. 20. Mesopontine astrocytic overactivation disrupts circadian activity in mice. Control Group (mCherry-

expressing mice): A The activity pattern of a control mouse (before CNO: black bars; after CNO: blue bars) shows 

distances moved (cm) in 10-minute bins. The light/dark cycle is indicated below (hollow = light; black = dark). B. 

Resting time proportions (total, darkness, light) before (hollow bars, gray dots) and after CNO (blue bars, light 
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blue dots) remained unchanged (average ± SEM shown). C. The daily running distances before and after the CNO 

showed no significant differences. D. The maximal running speed was also unaffected by CNO treatment. 

DREADD Group (hM3D(Gq)- expressing mice): E. Activity patterns (similar to panel A) revealed altered 

behaviour. F. Resting time during the light (resting) period significantly decreased after CNO (p < 0.05), whereas 

darkness and total inactivity remained unchanged. G. Daily running distance was not significantly altered. H. 

Notably, the maximum running speed increased during the light period after the CNO (p < 0.05). 

Visualization: Panels F-H are like the statistical layouts of B-D, significance (* p < 0.05). 

4.1.3. Barnes maze test 

 

In the Barnes maze task, we examined the effect of astrocyte overstimulation on spatial 

memory and learning. We found there are no notable differences between the control group 

(expressing mCherry) and DREADD group (expressing hM3D(Gq)). Before the 

administration of CNO, both groups showed similar spatial memory formation (Fig. 21A-C). 

After the 10th learning session as well as following CNO treatment and a new round of 10 

training sessions, performance remained comparable between the two groups. Specifically, 

before CNO, the control group traveled 1938.6 ± 706.2 cm, while the DREADD group covered 

906 ± 189.3 cm by the end of training. After CNO administration, the control group moved 

4978.7 ± 1409 cm, and the DREADD group moved 4463.6 ± 959 cm. After the second training 

series, the control group’s distance was 1166.1 ± 240.3 cm, and the DREADD group's distance 

was 2136 ± 894 cm (Fig. 21C). 

These results suggest that astrocyte overstimulation did not significantly alter spatial memory 

or learning performance in this experiment (Table 4). 
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Table 4: Comparative distance metrics (cm) across training phases in control and DREADD mice in the barnes 

maze. 

 

 

 

Fig. 21. Astrocytic overactivation in the mesopontine region does not impair spatial memory. A-B. The mouse’s 

movement path (yellow) to the shelter in the Barnes maze test is shown before (A) and after training (B). C. The 

graph compares the distances travelled during training trials, measured at three time points: After 3 days 

("control"), Immediately following CNO consumption, After a second round of training. Data representation: Red 

squares (average ± SEM) and orange dots (individual hM3D(Gq) mice) for the DREADD group. Black squares 

Training Phase 

(End of 10 Sessions) 

Control 

(mCherry) 

DREADD 

(hM3Dq) 

Significant 

Difference? 

Before CNO 1938.6 ± 706.2 906 ± 189.3 No 

After CNO 4978.7 ± 1409 4463.6 ± 959 No 

After Second Training 

Series 

1166.1 ± 240.3 2136 ± 894 No 
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(average ± SEM) and gray dots (individual mCherry control mice) represent the control group. The results indicated 

no significant differences in spatial memory performance between the two groups. 

4.1.4. Acoustic startle test 

 

The amplitude of the acoustic startle reflex and its short-term habituation were also examined 

(Fig. 22A-B). After normalizing the post-CNO responses to the pre- treatment condition, the 

DREADD group showed a significantly reduced first relative amplitude compared with the 

control group (first amplitude: control group with CNO treatment, 133 ± 23%; DREADD 

group with CNO treatment, 68 ± 12%; p = 0.012). Similarly, the mean normalized amplitude 

of the five simultaneously recorded startle responses was significantly decrease in the 

DREADD group than in the control group (average amplitude: control group with CNO 

treatment, 109.8 ± 8.5%; DREADD group with CNO treatment, 93.1 ± 19.4%; p = 0.006; Fig. 

22C). In the control (mCherry) group, the first startle amplitude was 14.6 ± 2.7 mN under 

baseline conditions and increased to 18.2 ± 3.3 mN after CNO administration. 

In the DREADD group, the mean first amplitude was 26.2 ± 3.3 mN before decreasing to 16.5 

± 2.9 mN following CNO treatment (p = 0.021; Fig. 22D-E). However, the subsequent 

amplitudes remained constant. In summary, chronic astrocytic stimulation reduced the initial 

acoustic startle reflex but did not significantly alter short-term habituation. The statistical 

analysis of control and DREADD on Table 5. 
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Table 5: Quantitative comparison of startle amplitude and habituation in controls and. DREADD mice after CNO 

treatment. 

Fig. 22. Chronic astrocyte activation reduces the amplitude of the acoustic startle reflex. A. Representative startle 

traces from mCherry-expressing control mice, showing repeated trials at 1-minute intervals (S1–S5) and their 

average before (black) and after CNO treatment (blue). B. Representative startle traces from hM3D(Gq)-expressing 

mice, displayed in the same format as in panel A. C. Statistical comparison of startle amplitudes after CNO 

treatment, normalized to pre-treatment values (CNO/control ratio), across five consecutive trials and their average. 

Red traces: mean ± SEM for hM3D(Gq)-expressing mice. Orange dots: Individual data points. Black traces: mean 

Group Condition 1st Startle 

Amplitude 

Avg. of 5 Startle 

Responses 

Statistical 

Significance 

Control Post-CNO 

(normalized) 

133 ± 23% 109.8 ± 8.5% - 

DREADD Post-CNO 
(normalized) 

68 ± 12% 93.1 ± 19.4% 1st: p = 

0.012Avg: p = 

0.006 

Control Pre-CNO (raw) 14.6 ± 2.7 mN - - 

Control Post-CNO 
(raw) 

18.2 ± 3.3 mN - - 

DREADD Pre-CNO (raw) 26.2 ± 3.3 mN - - 

DREADD Post-CNO 
(raw) 

16.5 ± 2.9 mN - p = 0.021 

Conclusion - ↓ Initial reflex in 

DREADD group 

No significant 

habituation 

difference 

- 
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± SEM for mCherry-expressing controls. Gray dots: individual data points. D. Statistical comparison of startle 

amplitudes before (hollow bars: mean ± SEM, gray dots: individual data) and after CNO treatment (blue bars: 

mean ± SEM, light blue dots: individual data) across five trials and their average in mCherry- expressing controls. 

E. Statistical comparison of startle amplitudes before and after CNO treatment in hM3D(Gq)-expressing mice, 

presented in the same format as panel D * p < 0.05. 

Interestingly, in the KCNQ4 knockout experiment, the strength of the startle response was 

greater for all five stimuli tested. The difference was statistically significant for the first, fourth, 

and fifth stimuli (wild type: 1st: P = 0.007; 4th: P = 0.035; 5th: P = 0.028). 

Table 6: Startle response amplitudes across five stimuli in Wild-Type and KCNQ4 knockout mice. 

 

 

 

 

 

 

 

 

 

The average startle response across all five stimuli was also significantly different between the 

two groups (wild type: 19. 76 ± 2.14 mN; knockout: 41.27 ± 4.97 mN; p = 0.0025;(Fig. 23A-

E). The startle response during repeated stimuli did not decrease over time in either the normal 

or knockout mice (Fig. 23F). 

 

 

 

 

Stimulus Wild-Type (mN) Knockout (mN) p-value 

1st 23.22 ± 3.74 49.96 ± 7.15 p = 0.007 

2nd 22.22 ± 6.47 42.02 ± 8.65 - 

3rd 21.86 ± 4.23 42.62 ± 9.26 - 

4th 18.3 ± 6.13 41.15 ± 7.75 p = 0.035 

5th 12.52 ± 4.14 30.99 ± 6.19 p = 0.028 

Average 19.76 ± 2.14 41.27 ± 4.97 p = 0.0025 
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Table 7: Startle response amplitudes across five stimuli and habituation in Wild-type and KCNQ4 knockout mice. 
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Fig. 23. Deletion of the KCNQ4 subunit strengthens the acoustic startle reflex. A. Shows how a normal mouse 

(+/+) looks before (left) and during (right) a startle response. The white outline is before, and the red outline is 

during. B. Shows five startle responses in a row and their average for a normal mouse. C. Shows how a KCNQ4 

knockout mouse (−/−) looks before and during a startle response, similar to panel 

A. D. Shows the startle responses in a row and their average for a KCNQ4 knockout mouse. E. Comparison of 

startle reflex strength between normal mice (black) and knockout mice (red). Gray dots represent individual data 

Group Habituation (normalized to 1st) Average Ratio 

Wild-Type 2nd: 1.04 ± 0.24 

3rd: 1.12 ± 0.29 

4th: 0.954 ± 0.37 
5th: 0.84 ± 0.29 

1.02 ± 0.18 

Knockout 2nd: 0.86 ± 0.09 

3rd: 1.00 ± 0.27 
4th: 1.03 ± 0.27 
5th: 0.84 ± 0.29 

0.95 ± 0.14 

Conclusion Knockouts had significantly stronger startle responses. No significant habituation in 

either group 

B 

D 

F 

A 
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points for normal mice, and pink dots represent knockout mice. F. Shows the startle reflex strength after being 

adjusted based on the first measurement (black for normal, red for knockout). *P < 0.05 and **P < 0.01 indicate 

statistically significant differences. KCNQ4 is a potassium voltage-gated channel subfamily Q member 4. 

Following experiments of the KCNQ study, we investigated a situation in which the startle 

network might be overly active (hyperexcitability). We used five mice that had a special tag 

(pAAV-hSyn-mCherry) in the neurons of the caudal pontine reticular nucleus (PnC) and the 

brain areas that send signals to it. These areas included the ventral cochlear nucleus, principal 

sensory trigeminal nucleus, superior paraolivary nucleus, lateral and medial superior olive, 

laterodorsal tegmental nucleus, dorsal raphe nucleus, central nucleus of the inferior colliculus, 

reticulotegmental nucleus, latero- and medioventral nucleus of the pons, dorsal, intermediate, 

and ventral nucleus of the lateral lemniscus, and pedunculopontine nucleus (Fig. 24A-B). 

For the control, another five mice that had only the mCherry tag in the same brain area were 

used (Fig. 24C-F.). We then examined the strength of the startle reflex after injecting with 

either normal saline or clozapine-N-oxide (CNO). In mice with only the mCherry tag, CNO 

did not cause any significant change in the strength of their startle reflexes (Fig. 24G). 

However, in the mice that expressed hM3D(Gq), we saw a significant increase in the strength 

of the first startle response after CNO injection (P = 0.009 for the 1st response; averages: 18.19 

± 3.13 with saline and 28.08 ± 7.83 mN with CNO; Fig. 24H). When we compared the strength 

of the first startle response after CNO treatment between mCherry-only mice and hM3D-

expressing mice, the hM3D(Gq)-expressing mice showed a significantly stronger startle 

response (p = 0.028; Fig. 24I). 

In hM3D(Gq)-expressing mice that received CNO, their startle responses quickly weakened 

with repeated stimuli. When we compared their responses during CNO treatment to their 

responses to the saline injection, we observed a significant jump in the strength of the first 

startle in the hM3D(Gq) mice (p = 0.04), but then this strength rapidly decreased for the 

following stimuli (1st: 5.17 ± 1.67, 2nd: 1.25 ± 0.31, 3rd: 1.41 ± 0.52, 4th: 1.29 ± 0.45, 5th: 

2.5 ± 0.68; average: 1.82 ± 0.4). 
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Table 8: Startle amplitudes and habituation in mcherry and hM3D(Gq)mice after CNO and saline injections 

targeting neurons of the caudal pontine reticular nucleus (PnC). 

 

 

 

 

 

 

 

 

 

Group Injection 1st Startle (mN) Average (mN) Statistical Comparison 

mCherry Saline 13.78 ± 4.93 18.47 ± 3.09 - 

mCherry CNO 17.47 ± 6.29 25.59 ± 4.85 - 

hM3D(Gq) Saline 14.85 ± 3.98 18.19 ± 3.13 - 

hM3D(Gq) CNO 42.05 ± 9.26 28.08 ± 7.83 p = 0.009 (1st vs saline) 

p = 0.028 (vs mCherry) 

Group Habituation (Normalized) Average Ratio 

hM3D(Gq) + 

CNO 

2nd: 1.25 ± 0.31 

3rd: 1.41 ± 0.52 

4th: 1.29 ± 0.45 

5th: 2.5 ± 0.68 

1.82 ± 0.40 

mCherry + CNO 2nd: 1.34 ± 0.64 

3rd: 1.88 ± 0.29 

4th: 1.52 ± 0.25 

5th: 1.87 ± 0.55 

1.55 ± 0.24 

Conclusion hM3D(Gq) mice showed stronger initial reflex and rapid short-term 

habituation after CNO, unlike controls 
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Fig. 24. Chemogenetic activation of the PnC and the nuclei projecting to it cause a similar increase in the amplitude 

of the acoustic startle. A. Shows where the injections were made and where the mCherry tag was expressed. B, C. 

Show five startle responses in a row for a mouse with only the mCherry tag, both normal (black) and after receiving 

a CNO injection (blue). D, E. Show the startle responses for a mouse expressing hM3D, both normally (black), 

while CNO was active (red). F. Comparison of the strength of startle responses in mice with only mCherry (black 

before CNO, blue during CNO; gray dots are individual data before, light blue dots are individual data with CNO). 

G. Strength of startle responses in mice expressing hM3D (black before CNO, red during CNO; gray dots are 

individual data before, pink dots are individual data with CNO). H. Comparison of the average startle responses 

after CNO treatment in mCherry-expressing mice (blue) and hM3D-expressing mice (red). I. Shows the average 

ratios of startle responses with CNO compared to normal conditions for mCherry- (blue) and hM3D- expressing 

mice (red). CNO, clozapine-N-oxide; DLL, dorsal nucleus of the lateral lemniscus; DR, dorsal raphe nucleus; 

hM3D, human M3 muscarinic; IC, inferior colliculus; ILL, intermediate nucleus of the lateral lemniscus; LDT, 

laterodorsal tegmental nucleus; PnC, pontine caudal nucleus; PnR, pontine raphe nucleus; Pr5, principal trigeminal 

nucleus; SOC, superior olivary complex; SPTG, subpeduncular tegmental nucleus; VC, ventral cochlear nucleus. 

This quick weakening of the response was not observed in the control mice that only had the 

mCherry tag (1st: 1.05 ± 0.33, 2nd: 1.34 ± 0.64, 3rd: 1.88 ± 0.29, 4th: 1.52 ± 0.25, 5th: 1.87 ± 

0.55; average: 1.55 ± 0.24). The initial startle strengths of mCherry- only and hM3D mice were 

significantly different (p = 0.04; Fig. 24G). 
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4.1.5. Gait alterations 

 

In this experiment, we examined gait parameters, such as stride length, sway length, and stance 

length (Fig. 25A-C). The control group, which expressed mCherry, showed no changes in 

these measurements after CNO administration compared to baseline (front limb: stride 

length—5.39 ± 0.3 cm before vs. 5.27 ± 0.4 cm after; sway length— 1.84 ± 0.19 cm before vs. 

1.53 ± 0.15 cm after; stance length—3.67 ± 0.18 cm before vs. 3.99 ± 0.4 cm after; hind limb: 

stride length—5.27 ± 0.35 cm before vs. 5.33 ± 0.46 cm after; sway length—2.41 ± 0.15 cm 

before vs. 2.39 ± 0.17 cm after; stance length— 

3.61 ± 0.13 cm before vs. 3.83 ± 0.27 cm after; Fig. 25D-F). 

However, in the DREADD group—where mesopontine astrocytes expressed hM3D(Gq)—all 

measured parameters increased significantly after CNO treatment (front limb: stride length—

4.3 ± 0.22 cm before vs. 5.88 ± 0.25 cm after, p = 0.000116; sway length—1.37 ± 0.1 cm 

before vs. 2.03 ± 0.18 cm after, p = 0.0028; stance length—3.13 ± 0.21 cm before vs. 3.86 ± 

0.13 cm after, p = 0.0053; hind limb: stride length—4.4 ± 0.18 cm before vs. 6.22 ± 0.16 cm 

after, p < 0.00001; sway length—2.33 ± 0.12 cm before vs. 3.26 ± 0.18 cm after, p = 0.00039; 

stance length—3.39 ± 0.12 cm before vs. 5.13 ± 0.19 cm after, p < 0.00001; Fig. 35A-B, G-I). 

Stastical comparison between Control (mCherry) and DREADD (hM3D(Gq)) on Table 9. 
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Table 9: Gait parameter increases in DREADD mice after CNO treatment compared to stable measures in controls 

(n.s = not significant). 

 

 

 

 

  

 

 

 

 

 

Limb Parameter Group Before CNO 

(cm) 

After CNO 

(cm) 

p-value 

Front Stride 

Length 

Control (mCherry) 5.39 ± 0.30 5.27 ± 0.40 n.s. 

  DREADD 
(hM3D(Gq)) 

4.30 ± 0.22 5.88 ± 0.25 0.000116 

 Sway Length Control (mCherry) 1.84 ± 0.19 1.53 ± 0.15 n.s. 

  DREADD 

(hM3D(Gq)) 

1.37 ± 0.10 2.03 ± 0.18 0.0028 

 Stance 

Length 

Control (mCherry) 3.67 ± 0.18 3.99 ± 0.40 n.s. 

  DREADD 

(hM3D(Gq)) 

3.13 ± 0.21 3.86 ± 0.13 0.0053 

Hind Stride 
Length 

Control (mCherry) 5.27 ± 0.35 5.33 ± 0.46 n.s. 

  DREADD 
(hM3D(Gq)) 

4.40 ± 0.18 6.22 ± 0.16 < 

0.00001 

 Sway Length Control (mCherry) 2.41 ± 0.15 2.39 ± 0.17 n.s. 

  DREADD 

(hM3D(Gq)) 

2.33 ± 0.12 3.26 ± 0.18 0.00039 

 Stance 

Length 

Control (mCherry) 3.61 ± 0.13 3.83 ± 0.27 n.s. 

  DREADD 

(hM3D(Gq)) 

3.39 ± 0.12 5.13 ± 0.19 < 

0.00001 
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Fig. 25. Changes in movement patterns following astrocyte overactivation. A-B. Example footprint traces from an 

hM3D(Gq) mouse before (A) and after (B) CNO administration. Hindpaws are marked in blue and front paws are 

marked in red. C. Diagram illustrating how footprint parameters were measured. D-F. Bar graphs comparing stride, 

sway, and stance lengths in mCherry control mice before (hollow bars: mean ± SEM; grey dots: individual values) 

and after CNO (blue bars: mean ± SEM; light blue dots: individual values). G-I. Equivalent analysis for 

hM3D(Gq)-expressing mice was identical to that for (D- F). Asterisks denote significance: **p < 0.01, ***p < 

0.001. 

4.2. Histological analysis 
 

To assess the injection site and the affected brain regions, we quantified cholinergic neurons, 

non-cholinergic neurons, and astrocytes using immunohistochemical markers. Cholinergic 

neurons were identified by ChAT immunopositivity combined with NeuN labelling, whereas 

non-cholinergic neurons showed NeuN positivity without ChAT expression. Astrocytes were 

defined based on mCherry expression. Cell counts were performed bilaterally at the injection 

site within a standardized 0.43 × 0.43 mm square centered on the PPN (see Fig. 26C, D). 

The analysis revealed comparable anatomical locations between groups: the counting region 
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measured 4.5 ± 0.09 mm caudal to bregma in control mice (expressing only mCherry in 

astrocytes) versus 4.54 ± 0.08 mm in DREADD mice (co-expressing mCherry and 

chemogenetic actuators), with no statistically significant difference in positioning (Fig. 27A). 

This methodological consistency confirmed that the experimental groups were evaluated under 

equivalent neuroanatomical conditions. 

Following chronic CNO administration, quantitative analysis revealed distinct cellular 

changes in the groups. Control animals exhibited 58.62 ± 6.2 cholinergic neurons, 

512.89 ± 28.72 non-cholinergic neurons, and 70.61 ± 10.02 astrocytes per mm². In contrast, 

the DREADD group showed significantly reduced numbers: 31.89 ± 7.03 cholinergic neurons 

(54.4% of controls, p = 0.0054) and 389.06 ± 31.9 non-cholinergic neurons (75.8% of controls, 

p = 0.0049). Astrocyte counts in DREADD mice (78.19 ± 12.17/mm²) represented 110.7% of 

control values (p = 0.32), demonstrating no statistically significant change (Fig. 27B). These 

findings indicate that prolonged astrocytic activation preferentially affects cholinergic 

populations, while sparing glial cells. 
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Fig. 26. Evaluation of injection sites and long-term neuronal changes. A. single z-stack image demonstrating GFAP 

immunostaining (green) overlapping with mCherry expression (red), with a merged view on the right. Scale bar: 

20 µm. B. Another z-stack image shows NeuN labelling (blue) without colocalization with mCherry (red), as 

confirmed in the merged image. Scale bar: 20 µm. C. In control mice (mCherry-expressing), cholinergic (ChAT+, 

green) and non-cholinergic (NeuN+, blue) neuron counts were assessed after chronic CNO treatment and 

behavioural tests. Merged imaging combines NeuN, mCherry, and ChAT signals. D. Similarly, in DREADD mice 

(hM3D(Gq)-expressing), neuronal counts were analyzed post-treatment, with merged images displaying NeuN, 

mCherry, and ChAT labeling. Scale bars: 50 µm. 
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Fig. 27. The injection site locations (caudal to bregma, mm) were statistically compared between the control 

(mCherry, black bars ± SEM; gray dots) and DREADD mice (hM3D(Gq), red bars ± SEM; orange dots). F. 

Neuronal counts after CNO treatment were compared: cholinergic neurons (control: light green, DREADD: green), 

non-cholinergic neurons (control: light blue, DREADD: blue), and astrocytes (control: pink, DREADD: red). Bars 

show the mean ± SEM; gray dots represent individual data. ** p < 0.01. 
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5. Discussion 
 

Summarizing our findings in this project, chronic chemogenetic activation of astrocytes in the 

pedunculopontine nucleus and nearby mesopontine regions led to a decrease in acoustic startle 

reflex amplitude and an increase in locomotion speed during the resting period. Additionally, 

gait alterations were observed, but spatial memory remained unaffected. These findings may 

be attributed to a significant reduction in neuronal populations: cholinergic neurons decreased 

to 54% of the control levels, and non-cholinergic neurons dropped to 76% of the control levels 

(the control mice received identical CNO treatment and underwent the same surgical procedure 

injection as the DREADD group). If neuronal loss was primarily due to the injection's physical 

trauma or fluid volume, both groups would show similar levels of damage. The observed 

differential loss in the DREADD group indicated that injection-related physical damage was 

not the primary cause of neuronal degeneration. 

Thus, chronic astrocytic overstimulation, with subsequent neuronal loss, resulted in motor and 

circadian rhythm disturbances similar to brainstem-related symptoms seen in progressive 

supranuclear palsy, suggesting a possible role for astrocytic overactivation in the development 

of this disease. Later histological analysis showed a significant loss of cholinergic neurons in 

the group with long-term artificial astrocyte activation compared to the control group, which 

received the same CNO treatment but did not show astrocyte overactivation (Maamrah et al., 

2025). 

The important role of potassium voltage-gated channel (KCNQ) in regulating of startle reflex, 

we found KCNQ4 knockout mice exhibited a significantly exaggerated acoustic startle reflex 

and showed minimal habituation compared to wild-type mice. This heightened startle 

response, which differs from other forms of startle hyperexcitability, is attributed to both 

cochlear damage and altered neuronal excitability within the startle networks resulting from 

KCNQ4 subunit deletion (Maamrah et al., 2023). 

5.1. Actions of astrocytic activation on the PPN 
 

In earlier studies using in vitro slice electrophysiology and imaging, we identified an astrocyte-
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mediated mechanism shared across multiple neuromodulatory systems, including the 

cholinergic, cannabinoid, serotonergic, and partly orexinergic pathways (Kőszeghy et al., 

2015; Kovács et al., 2017, 2019; Kovács and Pál, 2017). We observed that astrocyte 

activation—whether triggered by neuromodulators or optogenetics—led to distinct neuronal 

responses: one subgroup of neurons hyperpolarized and reduced firing via group I mGluRs, 

while another subgroup depolarized and increased firing via group II mGluRs (Kőszeghy et 

al., 2015; Kovács et al., 2017). The third group did not respond to astrocyte stimulation. 

Another regulatory mechanism involves the extrasynaptic GluN2B-containing NMDARs. 

When "slow inward currents" (SICs) had a low baseline frequency, neuromodulators 

consistently increased their occurrence. Conversely, if SICs were initially frequent, the same 

neuromodulators would suppress them. This effect results from NMDAR activation, followed 

by desensitisation and subsequent reactivation (Kovács and Pál, 2017). 

Although these findings were obtained in vitro, their potential physiological or pathological 

relevance remains unclear. To further understand this, we targeted astrocytes in vivo using 

behavioural experiments to assess how astrocyte overactivation might influence functions 

linked to the mesencephalic locomotor region (MLR) and nearby brain areas using DREADD 

chemogenetic activation. Chemogenetic activation is considered a good tool to target 

astrocytes and investigate their role in different brain areas. Previous studies using 

chemogenetic activation of astrocytes in different brain regions have shown varied behavioural 

effects. The acute Gq-DREADD stimulation of astrocytes in the hippocampus and medial 

prefrontal cortex enhanced memory and learning (Wang et al. 2022, Delcourte et al. 2023; 

Adamsky et al. 2018). Similarly, acute astrocyte activation in the nucleus accumbens alters 

reward processing and addictive behaviours (Scofield et al., 2015; Bull et al., 2014), promotes 

goal-directed over habitual actions in the striatum (Kang et al., 2020), and reduces fear 

responses in the amygdala (Martin et al., 2017). Additionally, acute chemogenetic stimulation 

of pontine astrocytes suppresses REM sleep and decreases the number of REM time (Kurogi 

et al., 2024). 
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Chronic chemogenetic activation of hippocampal astrocytes—applied over periods ranging 

from 7 days to lifelong— produces effects that differ from neuronal activation, influencing 

fear memory differently (Suthard et al., 2023). The outcomes of excitotoxicity are inconsistent; 

in some cases, it triggers astrocyte morphological changes and a neuroinflammatory state 

linked to cognitive impairment (Kim et al., 2024), while in others, it counteracts kainate-

induced metabolic hyperactivity, protecting against excitotoxic damage and memory decline 

(Martin et al., 2024). 

Progressive supranuclear palsy (PSP) is a neurodegenerative disorder characterised by motor 

symptoms such as Parkinson’s disease. It involves gait and postural disturbances, along with 

cognitive and behavioural impairments, such as dementia, REM sleep- related motor 

abnormalities, and loss of the acoustic startle reflex (Jellinger, 2025; Gironell et al., 2003). 

This disease is marked by the accumulation of tau protein in neurons, astrocytes, and 

oligodendrocytes. In the early stages, tau pathology primarily affects the brainstem and 

subcortical neurons, which later spread to cortical regions as the disease progresses (Kovacs 

et al., 2020). 

5.2. Alterations of the acoustic startle reflex 
 

Startle reflex changes are related to cochlear damage caused by aging, noise, or drugs (Chen 

et al., 2013; Salloum et al., 2014; Xiong et al., 2017; Zhang et al., 2022b). Minimal damage 

increases this reflex, and severe damage reduces it (Zhang et al., 2022b). KCNQ4 knockout 

mice and DFNA2 patients have 60 dB progressive hearing loss due to outer (and lesser inner) 

hair cell degeneration (Carignano et al., 2019). These specific channels are noteworthy because 

they are activated by membrane potentials that are more negative than the threshold required 

for an action potential. Additionally, neural KCNQ channels are crucial for epilepsy treatment 

and hold promise as therapeutic targets for various neurological conditions, including chronic 

and neuropathic pain, deafness, and mental disorders. Previous studies suggested that KCNQ4 

plays a role in startle, supported by its overlap with brainstem startle structures (Kharkovets et 

al., 2006) and its presence in the pedunculopontine nucleus (Azzopardi et al., 2018; 
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Bayasgalan et al., 2021). In addition to cochlear damage, KCNQ4 loss causes hyperexcitability 

of the brainstem nuclei. A chemogenetic model mimicking brainstem hyperexcitability 

(without cochlear damage) showed a similar increase in the initial startle but stronger short-

term habituation in KCNQ4 knockout animals. 

These differences might be due to cochlear damage in knockout animals and more affected 

nuclei. CNO itself may also slightly inhibit startle growth (MacLaren et al., 2016). KCNQ4 

deletion was long considered ‘nonsyndromic’ hearing loss, but elevated mechanosensitivity 

(Heidenreich et al., 2011), and altered circadian rhythm adaptation (Bayasgalan et al., 2021). 

The exaggerated acoustic startle response in KCNQ4-deleted animals results from both 

cochlear damage and brainstem hyperexcitability (Maamrah et al. 2023). 

5.3. Memory and gait alterations 
 

The excitotoxicity of the PPN by astrocytes (primarily affecting non-cholinergic neurons) has 

been shown to cause learning impairments (Wilson et al., 2009; MacLaren et al., 2016) and 

attention deficits (Cyr et al., 2014). Similar to progressive supranuclear palsy, cognitive 

disruptions, including memory and attention problems have been observed (Jellinger et al., 

2025). Furthermore, sleep and circadian rhythm disturbances may contribute to memory 

dysfunction (Palagini et al., 2020). Given these findings, we chose the Barnes maze test, which 

minimizes stress compared to the fear conditioning or forced swim tests, to assess cognitive 

function. Our results revealed no differences between control and DREADD-treated groups, 

aligning with previous evidence that cholinergic neuron loss does not severely impair memory. 

Additionally, since the number of non-cholinergic neurons (which may influence cognitive 

performance) remained stable during our experiments, this further supports the absence of 

memory- related deficits in our model. 

Analysis of footprint patterns revealed increases in all measured parameters, including stride, 

stance, and sway length, for both the front and hind paws. Previous studies have shown that 

the loss of PPN cholinergic neurons leads to significant motor impairments, including rear paw 

slips and disrupted gait precision (MacLaren et al., 2018; King et al., 2021). Several 
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neurological conditions alter stride and sway length, including hyperekplexia (characterized 

by heightened muscle tone), and Alzheimer’s disease models exhibit shorter strides and 

narrower step widths (Hirzel et al., 2006; Nyul-Toth et al., 2021), with the latter also showing 

reduced walking speed. By contrast, PSP presents with shorter strides and wider step widths 

(Egerton et al., 2012). Our findings, which showed an overall increase in footprint measures, 

do not align with these disease patterns. One possible explanation is that stride length 

correlates directly with movement speed (Herbin et al., 2004), and our activity-wheel tests 

confirmed faster locomotion. Thus, the observed changes may reflect a mix of PSP-like 

features (such as increased sway length) and the effects of increased walking speed (leading 

to longer strides). 

5.4. Alterations of neuronal numbers as the background of the behavioral  
 
changes 
 

Previous studies have shown that excitotoxic damage to the posterior PPN causes learning 

impairments and changes in locomotor behaviour (Wilson et al., 2009; Alderson et al., 2008). 

These effects were later revealed to be due to alterations in non- cholinergic neurones, as the 

depletion of cholinergic neurons did not produce the same deficits (MacLaren et al., 2016). 

Rodent models of brainstem-related PSP symptoms have been developed by targeting the 

cholinergic brainstem regions (MacLaren et al., 2018; King et al., 2021). First, selective 

depletion of PPN cholinergic neurons in PSP motor symptoms reduces acoustic startle 

responses and movement impairments, such as disrupted gait control (MacLaren et al., 2018). 

Second, the expression of tau protein in PPN-induced tau pathology leads to the loss of 

cholinergic neurons in the PPN and dopaminergic cell death in the substantia nigra, which 

produces symptoms consistent with earlier findings (King et al., 2021). 

We addressed this gap by demonstrating that chronic astrocyte activation can induce symptoms 

similar to those of PSP and PPN excitotoxicity. Chronic overactivation of astrocytes resulted 

in an almost 50% reduction in cholinergic neurons and a significant decline in non-cholinergic 

neurons, whereas the number of astrocytes remained unchanged. This effect may be explained 
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by chemogenetic astrocyte stimulation triggering glutamate release (Csemer et al., 2023), 

which then induces tonic depolarization in PPN neurons expressing group II metabotropic 

glutamate receptors (Kőszeghy et al., 2015; Kovács et al., 2017) and phasic depolarization 

through extrasynaptic NMDA receptor activation (Kovács and Pál, 2017). 

However, because only some neurons have group I mGluRs, leading to hyperpolarization, and 

others show no tonic current response, not all neurons in the area are equally susceptible to 

excessive astrocyte activity (Kőszeghy et al., 2015; Kovács et al., 2017). One of the key effects 

of chronic astrocytic activation in the MLR and surrounding areas is a reduction in the acoustic 

startle reflex, which is regulated by the PPN. Optogenetic activation of cholinergic neurons 

increases this reflex, whereas non- cholinergic neurons likely help control it through prepulse 

inhibition (Azzopardi et al., 2018). Supporting this, selective damage to PPN cholinergic 

neurons or tau protein buildup in these cells has been shown to reduce startle reflex amplitude 

(MacLaren et al., 2018; King et al., 2021). 

Chronic activation of midbrain astrocytes leads to disruption of circadian patterns. The mice 

showed increased movement during their normal resting period, along with faster peak 

movement speeds. These changes may stem from disturbances in the sleep regulation. Sudies 

found that acute chemogenetic stimulation of pontine astrocytes reduces REM sleep and 

shortens REM episodes (Kurogi et al., 2024), and our primary target was the PPN, a key area 

controlling REM sleep and wakefulness (Mena-Segovia and Bolam, 2017), which may explain 

our observations. 

Astrocytes have been shown to affect movement in various disease states. For instance, acute 

chemogenetic activation of astrocytes using Gi-coupled DREADDs improved movement 

impairment in a mouse model of Parkinson’s disease (Evans et al., 2025). Interestingly, 

chronic chemogenetic stimulation of serotonergic neurons in the dorsal raphe produces 

circadian motor changes similar to our findings: increased activity during the light (resting) 

phase and reduced movement in the dark (active) phase (Urban et al., 2016). These parallels 

could stem from the known role of the dorsal raphe in regulating activity cycles, or they might 
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result from indirect raphe neuron activation (via PPN-mediated effects) or direct stimulation 

(because DREADD expression partially overlaps with the dorsal raphe). 

5.5. Limitations of the study 
 

While our study clearly showed that astrocyte overactivation leads to significant motor 

changes, several limitations should be considered when interpreting the results. First, although 

we targeted astrocyte activation primarily in the MLR (centered on the PPN), mCherry 

labelling was not strictly confined to this region; adjacent areas also showed expression. 

However, the fact that we observed a sharp reduction in ChAT+ neurons without significant 

changes in NeuN labelling suggests that cholinergic neuron loss likely drove these behavioural 

effects. That said, functional alterations in neurons or astrocytes (independent of cell count) 

may also play a role. 

Second, CNO administration relied on voluntary drinking guided by preliminary water intake 

measurements. Although less precise than forced methods such as daily intraperitoneal 

injections or CNO depot formulations, this approach minimized stress and avoided 

confounding behavioural effects from handling-related anxiety or abdominal discomfort. 

While our voluntary CNO administration protocol may have introduced some variability, we 

recognize that precise dosing could yield more consistent results with reduced standard errors, 

potentially indicating that our reported effects are conservative estimates. Similar oral CNO 

delivery methods were successfully employed in previous studies (Zhan et al. 2019). 

A third consideration is CNO's known off-target effects in naive animals. At our working 

concentration (1 mg/kg), CNO was shown to diminish acoustic startle responses and modify 

sleep architecture by altering NREM-REM transition latencies (MacLaren et al., 2016; Traut 

et al., 2023). Higher doses (5-10 mg/kg) have been reported to suppress amphetamine-induced 

hyperactivity and disrupt NREM/REM sleep cycles without affecting baseline locomotion 

(MacLaren et al., 2016; Traut et al., 2023; Gomez et al., 2017). To mitigate these confounds, 

our experimental design was rigorously controlled for CNO/clozapine effects by comparing 

DREADD-expressing mice with operated controls receiving identical CNO treatments but 
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lacking DREADDs. Importantly, control animals showed no startle response reduction or 

significant gait/circadian alterations, suggesting that our observed phenotypes stem from 

targeted astrocyte activation rather than pharmacological artefacts. We potentially 

underestimated the actions of PnC and startle network hyperexcitability on the startle reflex, 

as CNO decreased the startle amplitude. 

It is probable that DREADD expression is not limited to the PPN area and that other regions 

have been affected as well, even though AAV viral injection of DREADDs is the best option 

for achieving a more localised effect. To solve this issue as effectively as possible, stereotaxic 

equipment, post hoc histological examination, and elimination of mice with limited expression 

were used. As previously established, the acoustic startle reflex can be affected by CNO alone, 

regardless of DREADD expression (MacLaren et al., 2016). Importantly, although the most 

probable cause of cholinergic neuron loss in the background of behavioural findings is an 

excitotoxic lesion related to gliotransmitters released from overstimulated astrocytes, an 

alternative explanation is cholinergic neuronal degradation due to loss of physical support from 

astrocytes. 

5.6. Conclusions and clinical implications 
 

This study successfully addressed its primary aims, providing critical insights into the 

functional role of astrocytes in the PPN and developing animal model for PSP. 

1. Regarding to astrocytic overstimulation within the PPN using chemogenetic tools to 

precisely investigate the functional role of astrocytes within the PPN. This aim was 

effectively achieved. The research employed a chemogenetic approach utilizing the 

hM3D(Gq) system to selectively overstimulate astrocytes within the PPN. The findings 

demonstrated that prolonged astrocyte overactivation in the PPN, likely through 

excitotoxic mechanisms, lead to a reduction in cholinergic neuron numbers. Beyond 

cell loss, functional changes in neuronal activity were observed, contributing to 

behavioral shifts. Specifically, the study proposed that altered mGluR- and NMDAR-

dependent signaling in mesopontine circuits triggered disruptions in circadian 
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movement patterns, sensory processing, and muscle tone changes. This precise 

targeting of PPN astrocytes, as intended, allowed for the investigation of their 

contribution to physiological processes, revealing their previously underappreciated 

role in PSP progression. 

2. Creating an animal model of PSP, that causes damage to the PPN was successfully 

accomplished. Our study developed an animal model of PSP by inducing astrocyte 

overactivation in the PPN. Specifically, this model demonstrated that astrocyte 

activation alone can reproduce comparable deficits to those seen in PSP, including 

cholinergic neuron loss and behavioral changes resembling brainstem-related 

symptoms of PSP (e.g., disruptions in movement, sensory processing, and muscle 

tone). This contrasts with previous PSP models focusing solely on cholinergic neuron 

loss or beta-amyloid accumulation, thereby establishing beneficial tool for examining 

the pathophysiology of PSP and identifying potential treatments. The observed 

decrease in the startle reflex, a characteristic clinical feature of PSP, further validates 

this model. 

3. The KCNQ4 study investigated the impact of KCNQ4 subunit loss on the startle reflex 

and brainstem hyperexcitability, its conclusion directly informed the understanding of 

the PPN's role in the observed deficits and the relevance to PSP. 

4. In conclusion, this project effectively utilized chemogenetic tools to illuminate the 

significant role of PPN astrocytes in neurodegeneration and behavioral alterations 

relevant to PSP. By demonstrating that astrocyte activation alone can induce PSP-like 

deficits, the study not only achieved its stated aims but also opened new avenues for 

therapeutic intervention targeting astrocytes to potentially slow disease progression. 

 

 In future research, should invistagate pharmacological agents like the GluN2B NMDA 

receptor antagonist memantine to target the affected neural pathways to assist in identifying 

the cause. If the cause is truly excitotoxic in nature due to excessive glutamate release from 



78   

astrocytes, the use of memantine will ameliorate symptoms and decreases the reduction in 

neuronal populations. 
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7. Summary 

 

Our previous in vitro research demonstrated that neuromodulatory actions on astrocytes in the 

mesopontine region can lead to tonic excitability changes dependent on metabotropic 

glutamate and N-methyl-D-aspartate receptors. To investigate the in vivo significance of these 

findings, we conducted a study using chronic chemogenetic activation of mesopontine 

astrocytes in young adult male mice. 

In chronic study, we compared a control group, where mesopontine astrocytes expressed only 

the mCherry fluorescent tag, to a group expressing the hM3D(Gq) chemogenetic actuator. We 

conclude that chronic astrocytic activation significantly decreased neuronal numbers in the 

mesopontine region. Cholinergic neuron numbers were reduced to 54% of control levels, while 

non-cholinergic neuron numbers dropped to 76%. These findings suggest that chronic 

astrocytic overactivation, and the subsequent neuronal loss, contributes to disturbances in 

movement and circadian activity, which resemble brain-related symptomes of PSP. This raises 

a compelling hypothesis: astrocytic overactivation may play a role in the pathogenesis of PSP. 

In KCNQ study, the KCNQ4 is crucial for regulating neuronal excitability, which is involved 

in the startle reflex. We investigated how the deleted of the KCNQ4 subunit affects the acoustic 

startle reflex. We found that KCNQ4 knockout mice exhibited a significantly increased 

acoustic startle reflex. The findings suggest that the amplified startle reflex observed in 

KCNQ4 knockout animals is likely due to a combination of cochlear damage and altered 

neuronal excitability within the brain's startle networks. 
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