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Editorial on the Research Topic

Neurobiological underpinnings of neurodegenerative and

neuropsychiatric disorders: from models to therapy

During the last two decades, seminal advances in different areas of Neurosciences

have clearly highlighted the complex nature of neuropsychiatric and neurodegenerative

disorders. The proper assembly, maturation, and maintenance of neuronal circuits

underlying physiological functioning of the nervous system require the execution of

specific genetic programs, finely tuned in space and time.

The widespread detection of genes, mRNAs, proteins, and metabolites has shed

much light on relevant missteps in these delicate processes that may cause detrimental

consequences for brain wiring and function. A clear role of cell-autonomous alterations,

involving cell adhesion molecules, ion channels, and intracellular pathways impinging on

synaptic function is well established in neuropsychiatric diseases. Similarly, modifications

in protein sequence and structure resulting in the accumulation of insoluble aggregates

are widely acknowledged as culprits of most neurodegenerative disorders. On the other

hand, the careful study of pathophysiological mechanisms that may translate genetic

predisposition into fully manifested disease phenotypes has revealed the involvement of

non-genetic and non-neuronal factors in establishment and propagation of the damage

from cell to network level. Indeed, current research is emphasizing the crucial role

of epigenetic modifications, metabolic rewiring, brain-immune system cross-talk, glial

cell functions, gut-to-brain axis, and blood-brain barrier, both in neuropsychiatric and

neurodegenerative disorders. Importantly, these additional layers of complexity represent

a rich interface between genetic variants and environmental stressors, whose nature and

relevance are also being elucidated.

A critical factor in advancing the translation of this knowledge into enhanced

diagnostic and therapeutic strategies lies in the accurate modeling of human disease

pathogenesis. This necessitates comprehensively considering the complexity of cellular
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and molecular interactions, as well as species-specific

characteristics that drive the disease processes. Traditional

cellular and animal models have so far been of utmost importance

for understanding the molecular mechanisms underlying brain

disorders. However, their actual translational value has also been

questioned, due to the failure of several clinical trials resulting

from pharmacological findings in animal models. Different

cutting-edge strategies, including bioprinting, microfluidics 3D

cell co-culture, human organoids, single-cell multi-omics, in vivo

functional imaging, and multidimensional data integration have

great potential to help filling the gap between in vitro and in vivo

molecular-cellular-network responses, as well as to reduce the

attrition rate between preclinical research and clinical applications.

The complexity of these research tools also poses major challenges

in terms of reliability and reproducibility.

This Research Topic, proposed on the occasion of the

XX meeting of the Italian Society for Neuroscience (SINS)

was aimed at advancing the understanding of state-of-the-art

techniques and methodologies for modeling neuropsychiatric and

neurodegenerative disorders. Specific focus was on critical aspects

of the complex genetic, molecular, and cellular mechanisms

underlying these conditions, and on novel avenues in brain

disease modeling.

The selection and peer review process resulted in the

publication of 10 papers, including four original research

contributions and six review or mini-review articles, covering a

wide range of congenital and acquired neurological conditions and

employing diverse modeling strategies.

In vivo modeling of neurological
disorders

The majority of the studies included in the Research Topic are

focused on the usage of mouse or zebrafish as disease models.

The research report by Chen Z. et al. explored the

lifespan progression of dysfunction, oxidative stress, and

neuroinflammation in a mouse model of moderate Traumatic

Brain Injury (TBI). The findings reveal persistent cognitive and

emotional deficits in middle-aged mice. These behavioral changes

were linked to increased neuronal cell death, elevated oxidative

stress, and chronic neuroinflammation in the hippocampus,

suggesting that persistent oxidative stress and neuroinflammation

play a significant role in the long-term neurological decline

following TBI, providing potential therapeutic targets for

TBI-induced late-phase neurological dysfunction.

The brief report by Tanaka et al. presents a new mouse model

carrying the Bassoon (Bsn) p.P3882A mutation, analogous to the

human BSN p.P3866Amutation found in a family with progressive

supranuclear palsy-like syndrome (PSP-like syndrome). Although

no significant structural brain abnormalities were observed,

this model exhibits impaired working memory and decreased

locomotor activity, providing a valuable tool for investigating

the relationship between Bsn mutations, tauopathy, and the

development of PSP-like syndrome.

The transgenic mouse model provided in the Research

Report by Chen L. et al. is characterized by mTORC1 pathway

hyperactivation in striatal inhibitory neurons. This model

shows disrupted dopamine receptor expression and behavioral

abnormalities such as impaired motor learning and altered

olfactory preference. These findings offer a molecular basis

for understanding the deficits seen in neurodegenerative

disorders such as Parkinson’s (PD) and Huntington’s diseases,

as well as neuropsychiatric disorders such as autism-spectrum

disorder (ASD).

Themini review contributed by Bossini and Sessa highlights the

importance of using diverse and complementary approaches when

developing mouse models for neurological diseases. The authors

argue that relying on single-approach models may contribute to

the high failure rates of clinical trials by providing incomplete

or misleading data. Focusing on neurodevelopmental disorders,

they advocate for incorporating strategies such as cell-specific gene

manipulation, temporal control of gene expression, and molecular

reversibility to create more robust and translatable models.

In their research report, Naderi et al. utilized CRISPR-

Cas9 technology in zebrafish larvae to investigate the socio-

cognitive consequences of KCC2 disruption, a protein involved

in excitatory/inhibitory (E/I) balance. This model demonstrates

impaired social interactions and memory deficits, along with

molecular changes in GABAergic, glutamatergic, oxytocin, and

BDNF systems, highlighting the role of KCC2 in these functions

and suggesting potential therapeutic avenues.

The growing utility of zebrafish models is further underscored

by the mini-review contributed by Bagwell and Larsen, who

discussed the mechanisms of MPTP toxicity and highlighted the

advantages of zebrafish for high-throughput screening and their

ability to recapitulate biochemical mechanisms and symptoms

of human PD, addressing limitations of larval models for age-

related conditions.

Investigating molecular and cellular
pathogenesis of neurological disorders

Two papers of the Research Topic delve into the molecular

and cellular underpinnings of acquired brain disorders or into the

conditions that may prevent them.

In particular, the research report by Yao et al. investigated how a

perioperative enriched environment (EE) attenuates postoperative

cognitive dysfunction (POCD) in a mouse model of ischemic

stroke. The authors found that an EE improved neurological

function and reduced neuroinflammation in mice subjected to

stroke and surgery. This protective effect is mediated by the

upregulation of microglia TREM2, via the PI3K/Akt pathway,

underscoring the potential of targeting TREM2 and utilizing EE for

managing POCD in stroke patients.

In addition, the review by Cong et al. examines the role of

the mitochondrial permeability transition pore (mPTP) in the

pathogenesis of Intracerebral Hemorrhage (ICH). The authors

discuss howmPTP opening leads tomitochondrial dysfunction and

contributes to various pathological processes, including oxidative

stress, apoptosis, necrosis, autophagy, and ferroptosis.While ICH is

a stroke subtype, the mechanisms discussed are highly relevant to

neurodegenerative processes and the authors advocate for further

investigation into the role of mPTP as a potential therapeutic target

for managing ICH-induced secondary injury.
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On the front of neurodegenerative disorders of genetic

origin, the review by Cui et al. summarizes the pathogenesis

of Spinocerebellar Ataxias (SCAs), discussing how various

genetic mutations disrupt cellular processes leading to neuronal

dysfunction and loss. Although not a modeling paper, it synthesizes

knowledge crucial for designing relevant models and developing

therapies for SCAs.

Finally, a systematic review by Tesfaye et al. explores

brain functional connectivity changes in hyperthyroid patients,

a condition that can cause mood and cognitive impairments.

It suggests that altered connectivity, particularly involving the

hippocampus, may influence cognitive and emotional processing

in the framework of hyperthyroidism.

In conclusion, the accepted manuscripts contributed

significantly to the Research Topic by presenting original

research using diverse in vivo animal models (mice, zebrafish) and

genetic tools to study the molecular, cellular, and behavioral aspects

of various neurodegenerative and neuropsychiatric disorders.

Additionally, review articles synthesized existing knowledge

on disease mechanisms, modeling challenges, and therapeutic

avenues, reinforcing the topic’s goal of advancing modeling and

understanding pathogenesis of brain diseases.
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Adolescent traumatic brain injury 
leads to incremental neural 
impairment in middle-aged mice: 
role of persistent oxidative stress 
and neuroinflammation
Ziyuan Chen 1†, Pengfei Wang 1†, Hao Cheng 1, Ning Wang 1, 
Mingzhe Wu 1, Ziwei Wang 1, Zhi Wang 1, Wenwen Dong 1, 
Dawei Guan 1, Linlin Wang 1*  and Rui Zhao 1,2,3*
1 Department of Forensic Pathology, School of Forensic Medicine, China Medical University, Shenyang, 
Liaoning, China, 2 Key Laboratory of Environmental Stress and Chronic Disease Control and Prevention, 
Ministry of Education, China Medical University, Shenyang, Liaoning, China, 3 Liaoning Province Key 
Laboratory of Forensic Bio-Evidence Sciences, Shenyang, China

Background: Traumatic brain injury (TBI) increases the risk of mental disorders 
and neurodegenerative diseases in the chronic phase. However, there is limited 
neuropathological or molecular data on the long-term neural dysfunction and its 
potential mechanism following adolescent TBI.

Methods: A total of 160 male mice aged 8  weeks were used to mimic moderate 
TBI by controlled cortical impact. At 1, 3, 6 and 12  months post-injury (mpi), 
different neurological functions were evaluated by elevated plus maze, forced 
swimming test, sucrose preference test and Morris water maze. The levels 
of oxidative stress, antioxidant response, reactive astrocytes and microglia, 
and expression of inflammatory cytokines were subsequently assessed in the 
ipsilateral hippocampus, followed by neuronal apoptosis detection. Additionally, 
the morphological complexity of hippocampal astrocytes was evaluated by Sholl 
analysis.

Results: The adolescent mice exhibited persistent and incremental deficits in 
memory and anxiety-like behavior after TBI, which were sharply exacerbated at 
12 mpi. Depression-like behaviors were observed in TBI mice at 6 mpi and 12 
mpi. Compared with the age-matched control mice, apoptotic neurons were 
observed in the ipsilateral hippocampus during the chronic phase of TBI, which 
were accompanied by enhanced oxidative stress, and expression of inflammatory 
cytokines (IL-1β and TNF-α). Moreover, the reactive astrogliosis and microgliosis 
in the ipsilateral hippocampus were observed in the late phase of TBI, especially 
at 12 mpi.

Conclusion: Adolescent TBI leads to incremental cognitive dysfunction, and 
depression- and anxiety-like behaviors in middle-aged mice. The chronic 
persistent neuroinflammation and oxidative stress account for the neuronal 
loss and neural dysfunction in the ipsilateral hippocampus. Our results provide 
evidence for the pathogenesis of chronic neural damage following TBI and shed 
new light on the treatment of TBI-induced late-phase neurological dysfunction.

KEYWORDS

traumatic brain injury, anxiety and depression, cognitive dysfunction, 
neuroinflammation, oxidative stress
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Introduction

Traumatic brain injury (TBI) is the leading cause of disability and 
death in both children and young adults (Maas et al., 2017; Quaglio 
et al., 2017). Accumulated evidence in the past decades demonstrates 
that young adults and adolescent survivors after TBI may present 
cognitive, behavioral, or mental symptoms in their adulthood or late 
life (Moretti et al., 2012; Richmond and Rogol, 2014; Sun et al., 2017; 
Rodgin et al., 2021; Xu et al., 2021; Bourke et al., 2022; Max et al., 
2022; Sanchez et  al., 2022). Thereafter, TBI has been commonly 
recognized as a risk factor for many neurodegenerative diseases, such 
as Alzheimer’s disease, Parkinson’s disease, dementia, and chronic 
traumatic encephalopathy (VanItallie, 2019; Vázquez-Rosa et al., 2020; 
Brett et al., 2022). However, the underlying mechanisms of late-life 
neural dysfunction post TBI remains unclear.

Both primary and secondary injuries contribute to neuronal 
damage in the acute and subacute phase of TBI. Intracranial 
hemorrhage and brain destruction are caused by the initial external 
force (Maegele et al., 2017), followed by the reactive microglia and 
astrocytes that alter their transcriptional and morphological profiles 
and exert pro-or anti-inflammatory effects (Karve et al., 2016), which 
promotes the clearance of damaged tissue and neural regeneration 
after TBI (Corps et al., 2015). In the chronic phase, damage-associated 
molecular patterns, such as excitotoxicity, mitochondrial dysfunction, 
oxidative stress, and neuroinflammation, trigger secondary injuries 
(Braun et al., 2017). Chronic neuroinflammation, supported by the 
persisting reactive astrocytes and microglia in the injured animal and 
human brain (Smith et al., 1997; Ramlackhansingh et al., 2011; Faden 
et al., 2016; Pischiutta et al., 2018; van Vliet et al., 2020), can last for 
an extended period and contribute to the chronic neurological 
disorder post-injury (Faden et al., 2016; van Vliet et al., 2020). In 
addition, oxidative stress has been well recognized as a common 
denominator of both brain injury and TBI-related neurodegenerative 
disease (Mackay et al., 2006; Ma et al., 2017; Dong et al., 2018; Cheng 
et al., 2022). Excessive reactive oxygen species (ROS) and reactive 
nitrogen species are generated and cause neurotoxicity by increasing 
intracellular free Ca2+ and releasing excitatory amino acids (Khatri 
et al., 2021) or directly inducing peroxidation of lipid, protein, and 
DNA in the acute phase of TBI (Ma et  al., 2017). These findings 
provide evidence to link chronic inflammation and oxidative stress 
with TBI-related neurodegenerative pathology.

Nuclear factor erythroid-derived 2-related factor 2 (NRF2), is 
widely recognized as a key transcription factor that regulates both the 
antioxidant responses and neuroinflammation (Buendia et al., 2016). 
Our previous study presented that NRF2 is widely expressed in neurons 
and glia post TBI (Dong et al., 2019). Many evidence has demonstrated 
that NRF2 plays neuroprotective roles against TBI-induced brain 
injury (Li et al., 2014; Lu et al., 2015; Dong et al., 2018; Sigfridsson 
et al., 2020; Wang et al., 2020; Cui et al., 2021) and neurodegenerative 
diseases (Rojo et al., 2010, 2018; Osama et al., 2020; Ren et al., 2020; 
Zgorzynska et al., 2021). Considering the critical role of NRF2 in TBI 
and numerous neurodegenerative diseases, it is necessary to explore 
the expression pattern of NRF2 during the late phase of TBI.

In this study, to reveal the underlying mechanisms of long-lasting 
neurological dysfunction following TBI in mice, we  explored the 
lifespan change of neurological dysfunction, oxidative stress and 
neuroinflammation in ipsilateral hippocampus from young age to late 
life of TBI mice.

Materials and methods

Animals and controlled cortical impact 
models

A total of 160 male C57BL/6 mice (8 weeks old, 20–26 g) were 
used in our study. Mice were randomly divided into TBI and 
age-matched control groups. Then mice were subdivided into four 
subgroups as the indicated timepoints (1, 3, 6 and 12 mpi, n = 20 in 
each subgroup). All the mice were housed under constant 
temperature (23 ± 1°C), humidity (60%) and a 12-h light–dark 
cycle, with free access to food and water. In the TBI group, CCI 
was used to mimic the stable moderate TBI model (considerable 
cortical tissue loss without hippocampal injury) as in our previous 
studies (Siebold et al., 2018; Ma et al., 2019; Cheng et al., 2023). 
Briefly, the mice were placed on a stereotaxic apparatus after being 
anesthetized. A scalp incision was subsequently made at the 
midline to expose the skull. A 4 mm craniotomy was performed 
in the left hemisphere between the bregma and lambda to expose 
the dura mater. The craniocerebral strike apparatus (PinPoint™ 
PCI3000, Hatteras instruments, America) was used to perform a 
vertical impact on the cortex (3 mm diameter impactor, velocity 
1.5 m/s, residence time 50 ms, depth 1 mm), followed by sutured 
scalped. The comatose mice were then placed on a 37°C heating 
pad and returned to the cages until the vital signs were stable. The 
mice in the sham group underwent the same surgical procedure 
without any cortical impact. No mice died after the surgery or 
during feeding. All the experiments were approved by the Animal 
Ethics Committee of China Medical University.

Behavior tests

The following behavioral tests were conducted at the indicated 
timepoints post injury. Mice were tested by sucrose preference test 
(SPT) and elevated plus maze (EPM) first, and followed by the force 
swimming test (FST) and Morris water maze (MWM). To avoid the 
effects among different behavior tests, mice were kept in the cages for 
1 day to recover before the next test.

SPT
The SPT was adapted from a previous protocol (Leng et al., 

2018; Browne et al., 2022). Briefly, each mouse was allowed free 
access to 1% sucrose solution and tap water for 16 h, and the 
placement of the two bottles was changed every 12 h to avoid side 
preference at the training stage. After 12 h of food deprivation, the 
mice were allowed free access to tap water and 1% sucrose solution 
for the next 24 h. Sucrose preference was calculated as the 
percentage of the consumed sucrose solution from the total 
consumed fluid (sucrose + water).

FST
The FST was performed as previously described (Li et al., 2021). 

Briefly, the mice were placed in a cylindrical glass filled with no less 
than three quarters of water for 6 min, and their activity was recorded 
for the last 5 min at a temperature of 23 ± 1°C. SMART™ tracking 
software (San Diego Instruments, San Diego, CA, USA) was used to 
record the time of immobility.
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EPM
To measure anxiety-like behavior post-injury, the EPM test was 

performed as previously described (Toshkezi et al., 2018). The EPM 
was consisted of two opened arms and two closed arms. Mice were 
placed at the center of the junction of the maze facing one open arm 
and allowed to explore freely for 5 min. The spent time and number of 
entries into the open arms were recorded using SMART™ tracking 
software for further analysis.

MWM
To evaluate the spatial memory of mice post injury, we performed 

the MWM test at 1, 3, 6 and 12 mpi as previously described (Ren et al., 
2020). Briefly, the mice were trained to find a platform that relied on 
distal cues from four different starting positions in an open circular 
tank. Mice that failed to find the platform within 60 s were guided and 
remained on the platform for 30 s before being returned to their cages. 
On the first day, mice were trained to find the platform 0.5 cm above 
the water. Then, the mice were trained for four more days to find the 
platform below the opaque water. On the sixth day, mice were placed 
at the starting quadrant opposite to the quadrant with removed 
platform and several variables were recorded and measured for 60 s: 
the distance in the platform quadrant, time spent in the platform 
quadrant, and number of crossings between the platform and platform 
quadrant, using SMART™ tracking software (San Diego Instruments, 
San Diego, CA, United States).

Animal selection and sample collection

TBI mice with abnormal behavior were selected for the subsequent 
biological experiments (n ≥ 12 in each time point) according to the 
method proposed by Rodney M Ritzel with a slight modification 
(Ritzel et al., 2022). Briefly, we established a baseline according to the 
means of behavioral parameters (SPT, EPM, MWM and FST) from 
age-matched control mice, and then evaluate the neurological 
dysfunction of TBI mice. The mice with behavioral parameters 
exceeding the baseline were selected for the followed experiments. The 
proportion of TBI mice meeting these criteria was presented in 
Supplementary Table S3. Brain samples were collected as previously 
described (Dong et al., 2018). For immunoblotting, malondialdehyde 
(MDA) detection and quantitative real time polymerase chain reaction 
(RT-qPCR), mice were perfused with cold phosphate buffered saline. 
The ipsilateral hippocampus was dissected on ice and placed in liquid 
nitrogen for use. For immunohistochemical or immunofluorescence 
staining, the mice were perfused with cold 4% paraformaldehyde. The 
brains were embedded in paraffin and 5 μm sections were prepared for 
histological staining.

MDA
MDA was detected using the commercial kit (Nanjing Jiancheng 

Bioengineering Institute, Nanjing, China). The total protein 
concentration was quantified with the bicinchoninic acid assay kit 
(Beyotime, P0009) according to the manufacturer’s instructions. The 
MDA content was expressed in nmol/mg protein.

Immunofluorescence and immunohistochemistry
Immunofluorescence and immunohistochemical staining were 

performed as previously described (Dong et al., 2018). Breifly, tissue 

sections were deparaffinized and hydrated, followed by antigen 
retrieval in citrate buffer at 95°C for 5 min. Then sections were 
incubated by primary and secondary antibodies, which were listed in 
the Supplementary Table S1. Three animals per group were used for 
immunofluorescence or immunohistochemical staining, and the 
definite fields of two sections per animal were evaluated (n = 6). The 
number of positive cells in the ipsilateral hippocampal CA1 and hilus 
was counted at ×200 magnification. The average optical density and 
positive area were quantified using ImageJ, version 6.0 (National 
Institutes of Health).

Fluoro-Jade C staining
Fluoro-Jade C (FJC; Millipore, AG325–30MG) was used to assess 

the number of degenerating neurons following injury. As previously 
described (Dong et al., 2018), the sections of ipsilateral hippocampus 
were incubated with 0.06% potassium permanganate solution and 
then incubated in 0.01% FJC solution for 10 min.

Western blot
The ipsilateral hippocampus was collected for protein extraction 

as previously described (Dong et al., 2018). Protein concentration was 
measured using a BCA kit (P0012; Beyotime Biotechnology, Shanghai, 
China). The primary and secondary antibodies used in this study are 
listed in Supplementary Table S1. Relative band density was quantified 
using ImageJ software (National Institutes of Health).

RT-qPCR
RNA extraction, and RT-qPCR were performed as previously 

described (Dong et al., 2018). The housekeeping gene Gapdh was 
amplified to ensure the addition of equal amounts of cDNA to the 
PCR reactions. ΔΔCT was used to quantify the target gene expression, 
with Gapdh as the reference gene. Primers used in this study were 
listed in Supplementary Table S2.

Morphological data collection and Sholl 
analysis

Fluorescence images were captured using Zeiss Axio Scan.Z1 
under ×200 magnification. Morphological reconstruction of glial 
fibrillary acidic protein (GFAP) positive astrocytes was performed 
using ImageJ (version 6.0; National Institutes of Health), as previously 
described (Bondi et  al., 2021). Briefly, images of the ipsilateral 
hippocampal hilus were converted to an 8-bit format. Two sections 
were taken from each animal, and two GFAP-positive cells (n = 12) 
were randomly selected from the hilus region of each section. Then 
the total and maximum lengths of the process and the number of 
intersections were measured with circles of different diameters 
increasing by 4 μm from the center of the cell body.

Statistical analysis

Data are expressed as mean ± standard deviation. All the data were 
analyzed using Prism software (version 8.0; GraphPad Software, Inc.). 
Two-way ANOVA was used to measure the differences between Sham 
and TBI groups of different time points, and multi-group comparisons 
were performed using Tukey’s post hoc test. Mann–Whitney U test was 
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used for comparison between two groups with non-normal distributed 
data. Statistical significance was set at p < 0.05.

Results

Adolescent TBI causes exacerbated neural 
impairment in the middle-aged mice

To explore neural function impairment during the late phase of 
TBI, we  conducted the SPT, FST, EPM, and MWM to evaluate 
depression-like and anxiety-like behaviors and memory deficits at 1, 
3, 6 and 12 mpi (Figure 1A). As shown in Figures 1B,C, the mice in 
the TBI group demonstrated a significant decrease in the sucrose 
consumption and increase in the immobility time compared with 
sham mice from 6 mpi, which was exacerbated sharply at 12 mpi, 
suggesting that injured mice exhibited depression-like behaviors at 6 
mpi and beyond. Furthermore, the decrease of the number and the 
time of entries in the open arms were worsened at 12 mpi in EPM 
(Figures 1D–F), demonstrating a prolonged anxiety-like behavior in 
injured mice. In MWM test (Figure 1G), the path length, the time in 
the platform quadrant (Figures  1H,I), the number of platform 
quadrants (Figure 1J) and the number of platform in the probe test 
(Figure 1K) decreased in the TBI mice compared with the age-matched 
mice; all of them were significantly decreased at 12 mpi 
(Figures  1H–K), indicating a persistent and incremental spatial 
memory impairment post-injury. In summary, these behavioral 
observations revealed that TBI in adolescent mice resulted in the 
deterioration of neurological function in the late phase of their life (6 
mpi and 12 mpi).

Apoptosis contributes to chronic neuron 
loss in ipsilateral hippocampus following 
TBI

Since the hippocampal neurons play the key roles of both 
processing memory storage and regulating depression/anxiety-like 
behaviors (Tunc-Ozcan et  al., 2019; Takahashi et  al., 2021), 
we  explored the relationship between neural dysfunction and 
ipsilateral hippocampal neuron loss. A progressive neuronal decrease 
in ipsilateral hippocampal CA1 (Figure 2A; Supplementary Figure S1) 
and hilus (Figure 2B; Supplementary Figure S1) was revealed by the 
NeuN-positive staining from 3 mpi, which was not affected by the 
ageing of the mice (Figures  2A,B). In addition, as shown in 
Figures 2C,D,G,H, FJC-positive cells remained at a constant low level 
within 6 months post-injury and increased sharply at 12 mpi both in 
CA1 and hilus. In line with this, immunohistochemical staining of 
cleaved caspase 3 demonstrated the same pattern (Figures 2E,F,I,J). 
Although the objective number of apoptotic cells gradually increased 
with ageing, no statistical difference was observed among the mice 
with different age in the sham group (Figures 2G–J), demonstrating 
ageing-related neuron apoptosis in the hippocampus could not 
account for the neural dysfunction in middle-aged mice. Furthermore, 
the protein band of cleaved-caspase 3 in the TBI hippocampus was 
densified at 12 mpi compared with the age-matched mice 
(Figures  2K,L), which accounted for the exacerbated neural 
dysfunction in the middle-aged mice. Our data revealed that neuronal 

apoptosis in the ipsilateral hippocampus contributes to chronic neural 
dysfunction following TBI.

Chronic persistent oxidative stress is 
associated with robust neuronal damage in 
middle-aged mice

To explore whether neuronal damage is associated with chronic 
oxidative stress during the pathological process following TBI, we first 
evaluated the protein level of 4-hydroxynonenal (4-HNE), a marker 
of lipid peroxidation. As shown in Figures 3A,B, the level of 4-HNE 
in the TBI groups was elevated compared with the corresponding 
sham mice at all indicated timepoints, which was increased sharply at 
12 mpi (fold change = 2.05 ± 0.43). Then, 4-HNE was further 
confirmed by immunostaining, and the average optical density of 
4-HNE in the CA1 and hilus increased following injury (Figures 3C,D; 
Supplementary Figures S2A,B). To further evaluate oxidative stress 
alteration, MDA was detected in the ipsilateral hippocampus. As 
shown in Figure 3E, MDA was elevated with the same trend as 4-HNE 
at all intervals post-injury. Unexpectedly, no difference was observed 
on 4-HNE and MDA in the hippocampus of the sham mice 
(Figures  3B–E). To assess endogenous protective capability, 
we subsequently determined the level of the antioxidant response. 
NRF2 and its regulated antioxidant enzymes, heme oxygenase-1 
(HMOX-1) and quinone oxidoreductase-1(NQO-1), were upregulated 
at both protein and mRNA levels following TBI within 6 mpi 
(Figures 3F–L) and significantly decreased at 12 mpi both in the TBI 
and its age-matched mice (Figures 3F–L). Whereas, ccompared with 
the age-matched sham mice, the protein level of glutamate-cysteine 
ligase catalytic subunit (GCLC) and its modifier subunit (GCLM) 
were only decreased at 12 mpi, with no significant changes at 1, 3, and 
6 mpi (Supplementary Figures S3A–D). Our data indicated that 
persistent oxidative stress contributes to neuronal damage following 
TBI, which was also related to the ageing.

Persistent inflammation induced by TBI is 
exacerbated in middle-aged mice

To explore the changes in neuroinflammation in the ipsilateral 
hippocampus at different intervals post-injury, we tested the protein 
and mRNA levels of interleukin (IL)-1β, IL-6, and tumor necrosis 
factor-alpha (TNF-α). As shown in Figure 4, the protein and mRNA 
levels of IL-1β and TNF-α were elevated following TBI compared with 
the age-matched sham mice at each indicated time point. However, 
IL-6 expression was only increased at 12 mpi (fold change = 1.56 ± 0.20) 
and revealed no significant difference at 1, 3, and 6 mpi (Figures 4B–E). 
Our data demonstrated that long-lasting neuroinflammation in the 
ipsilateral hippocampus was present following TBI, which was 
aggravated in middle-aged mice (12 mpi).

Alteration of hippocampal astrocytes 
during the chronic phase of TBI

To assess the reactive astroglia, we detected GFAP expression by 
immunofluorescence, a marker of astrocytes. As shown in 
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Figures 5A,B, the immunoreactivity of GFAP and the percentage of 
GFAP+ area in the ipsilateral hippocampus were higher than those in 
sham mice at each time point, especially at 12 mpi (Figure 5C). In line 
with these, the protein levels of GFAP were also upregulated upon 
Western blot (Figures  5D,E). Our data proved that TBI led to 
astrogliosis in the hippocampus, and the astrocytic response was 
intensified in the hippocampus of middle-aged mice. It has been 

known that A1 astrocytes contribute to the pathogenesis of TBI and 
neurodegenerative diseases (Diaz-Castro et al., 2019; Song et al., 2020; 
Taylor et al., 2020). We explored the A1 astrocytes by C3d and GFAP 
double immunostaining. Several C3d + astrocytes signal colocalized 
with GFAP+ cells in the ipsilateral hippocampus post injury 
(Supplementary Figure S4A, lower panel). Whereas, no double-
positive astrocyte was found in the hippocampus of sham mice from 

FIGURE 1

The late phase changes on neurological function post injury. (A) Schematic diagram of the experimental design. (B) Schematic diagram of the SPT (left 
panel) and the percentage of sucrose consumption over total fluid volume of mice at 1, 3, 6 and 12 mpi (right panel). (C) Schematic diagram of the FST 
(left panel) and the statistical analysis of immobility time at each indicated timepoints (right panel). (D) The representative moving path of mice in EPM 
test at 1, 3, 6 and 12 mpi. (E) The percentage of time in the open arm. (F) The number of entries in the open arm. (G) The representative moving path of 
MWM in probe test at 1, 3, 6 and 12 mpi. (H) The path length in the platform quadrant. (I) The time in the platform quadrant. (J) The number of platform 
quadrant. (K) The number of platform. n  =  20, *p  <  0.05 compared with the age-matched sham (Mann–Whitney U Test); $p  <  0.05 1, 3, 6 mpi versus 12 
mpi (Tukey’s post hoc test); #p  <  0.05 compared with the preceding adjacent TBI group (Tukey’s post hoc test).
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adolescence to middle age (Supplementary Figures S4A,B). Then the 
complexity of the reactive astrocytes was evaluated in the ipsilateral 
hippocampus by Sholl analysis. The representative astrocytes and their 
reconstructed skeleton in each group were shown in Figure 5F. A 

significant difference in the morphological complexity of astrocytes in 
sham mice was observed only in middle-aged mice (12 mpi) 
(Figure 5G). However, in TBI mice, the reactive astrocytes sustained 
the complex morphology post injury, which was presented by the total 

FIGURE 2

Apoptosis contributes to chronic neuron loss in ipsilateral hippocampus following TBI. (A,B) The quantitative analysis of the number of NeuN positive 
cells in CA1 and hilus at different indicated time points post injury, n  =  6. (C,D) Representative images of FJC staining in CA1 and hilus of ipsilateral 
hippocampus at different time post injury. (E,F) Representative immunostaining images of cleaved caspase-3 in CA1 and hilus of ipsilateral 
hippocampus at different time post injury. (G–J) The quantitative analysis of the number of FJC and cleaved caspase-3 positive cells in CA1 and hilus at 
different time post injury, n  =  6. (K,L) The representative immunoblots and relative densities of cleaved caspase-3 in the ipsilateral hippocampus of each 
group; n  =  3. Scale bar, 20  μm. *p  <  0.05 compared with the age-matched sham mice (Mann–Whitney U Test); #p  <  0.05 compared with the TBI mice of 
preceding adjacent group (Tukey’s post hoc test).
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FIGURE 3

Adolescent TBI-induced persistent oxidative stress is enhanced in middle-aged mice. (A,B) Representative immunoblots and relative densities of 
4-HNE in the ipsilateral hippocampus at 1, 3, 6 and 12 mpi, n  =  3. (C,D) The quantitative analysis of the average optical density of 4-HNE 
immunohistochemical staining in CA1 and Hilus, n  =  6. (E) The quantitative analysis of MDA content, n  =  3. (F) Representative immunoblots of NRF2, 
HMOX-1, NQO-1 of the ipsilateral hippocampus at 1, 3, 6 and 12 mpi. (G–I) Relative densities of NRF2, HMOX-1, NQO-1, n  =  3. (J–L) The mRNA levels 
Nrf2, Hmox-1, Nqo-1 of the ipsilateral hippocampus at 1, 3, 6 and 12 mpi, n  =  3. *p  <  0.05 compared with age-matched sham (Mann–Whitney U Test); 
$p  <  0.05 comparison between sham groups (Tukey’s post hoc test); #p  <  0.05 compared with the TBI mice of preceding adjacent group (Tukey’s post 
hoc test).
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and maximum process length in Figures 5H,I. Our data revealed the 
alternation of reactive astrocytes and their morphological complexity 
in the ipsilateral hippocampus after TBI.

Reactive microglia is aggravated in the late 
phase of TBI

To evaluate the reactive microgliosis during the chronic phase of 
TBI, we  measured the protein levels of ionized calcium binding 
adaptor molecule 1 (IBA1), CD16/32, and Arginase 1 (ARG-1). As 
shown in Figures 6A–C, the protein levels of IBA1 and CD16/32 were 
increased in the hippocampus of TBI mice at each indicated time 
point compared with that of sham mice. However, the ARG-1 level 
only increased slightly at 1 mpi in TBI mice (Figures 6A,D). Moreover, 
double immunofluorescence staining of IBA1 + CD16/32 and 
IBA1 + ARG-1 (Figures 6E,G) supported M1 polarization of microglia 
in TBI mice. The ratio of CD16/32+ microglia in the hilus at 1, 3, 6 
mpi were 31.5 ± 3.8%, 30.7 ± 5.2% and 32.8 ± 3.9% separately, which 

increased sharply to 64.8 ± 10.8% at 12 mpi (Figure  6F). While 
ARG-1+ microglia accounted for approximately 13.7 ± 5.0% of the 
microglia at 1 mpi and 1.1 ± 2.7%, 1.0 ± 2.6%, 1.3 ± 3.1% at 3–12 mpi 
in hilus (Figure 6H). These data indicated that persistent reactive 
microglia could contributed to neuronal damage following TBI, 
especially in middle-aged mice.

Discussion

Chronic pathophysiological changes post-TBI are responsible for 
neurological dysfunction and neurodegenerative diseases. Despite 
growing awareness of the chronic progressive nature of TBI 
(Tomaszczyk et  al., 2014), there is still a need to characterize the 
pathogenesis of long-term neurological function post-injury. In this 
study, we described that adolescent TBI led to chronic neurological 
dysfunction, which was aggravated in middle-aged mice. Chronic 
oxidative stress, sustained reactive astrocyte and microgliosis 
contribute to the pathogenesis of neurological dysfunction and 

FIGURE 4

The increased expression of proinflammatory cytokines in ipsilateral hippocampus induced by adolescent TBI. (A–D) Representative immunoblots and 
relative densities of IL-1β, IL-6 and TNF-α of the ipsilateral hippocampus, n  =  3. (E) The mRNA levels of Il-1β, Il-6 and Tnf-α of the ipsilateral 
hippocampus, n  =  3. *p  <  0.05 compared age-matched sham (Mann–Whitney U Test); #p  <  0.05 compared with the TBI mice of preceding adjacent 
group (Tukey’s post hoc test).
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hippocampal neuron loss following TBI. Moreover, the aggravated 
neurological dysfunction in middle-aged TBI mice was partly due to 
the decrease of NRF2-mediated antioxidant response. Our present 
study suggests that ageing might be a contributory factor for long-
term neural damage following TBI. The potential mechanism of long-
term neural dysfunction after TBI is schematically illustrated in 
Figure 7.

Brain injuries trigger various neurological complications, 
including epilepsy, depression, and dementia (Burke et al., 2021; Stopa 
et  al., 2021; Wang et  al., 2021). Our observations revealed that 
adolescent traumatic brain injury results in spatial memory 
impairment and anxiety/depression-like behavior in middle-aged 
mice, which is consistent with the previous study (Mao et al., 2020). 
Although epidemiological study has revealed no obvious correlation 

FIGURE 5

The alteration of reactive astrocytes during the chronic phase of adolescent TBI. (A,B) Representative images of GFAP (red) immunofluorescent staining 
of CA1 and hilus of ipsilateral hippocampus; scale bar, 20  μm; n  =  6. (C) The quantitative analysis of GFAP positive area of CA1 and hilus, n  =  6. (D,E) 
Representative immunoblots and relative densities of GFAP of the ipsilateral hippocampus at 1, 3, 6 and 12 mpi, n  =  3. (F) Representative image of 
GFAP+ astrocytes in hilus at 1, 3, 6 and 12 mpi, the reconstructed skeleton of representative astrocytes was present in the lower right corner of the 
image; scale bar, 5  μm. (G) Intersection profile of astrocytes in hilus at 1, 3, 6 and 12 mpi, n  =  12. (H) The quantitative analysis of total length of astrocytic 
process. (I) The quantitative analysis of the max length of astrocytic process; n  =  12. *p  <  0.05 comparison between TBI and age-matched Sham groups 
(Mann–Whitney U Test); #p  <  0.05 comparison between 6 and 12 mpi groups (Tukey’s post hoc test); $p  <  0.05, comparison between Sham mice of 6 
and 12 mpi groups (Tukey’s post hoc test).
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between injury severity and depression occurrence (Vadlamani and 
Albrecht, 2020), previous study observed that mice underwent severe 
TBI showed depression-like behavior at 3 months post-injury (Mao 
et al., 2020), while this neural dysfunction was observed at 6 months 
post moderate TBI in our present study, the time delay of depression-
like behavior post injury may be  associated with the severity of 
TBI model.

In addition, local TBI could promote the secondary damage of 
certain remote brain regions in the late phase, resulting in a diverse 
range of neurological disorders. Numerous studies reported that 
chronic atrophy and degenerative disease of white matter post brain 
trauma aggravate cognitive dysfunction, depression, and apathy 

(Filley and Fields, 2016; Cole et al., 2018; Bartnik-Olson et al., 2021; 
Mohamed et al., 2021; Navarro-Main et al., 2021; Medeiros et al., 
2022). Demyelination, blood–brain barrier impairment, and increased 
neuroinflammation are revealed in the thalamus of late stage TBI, 
which is accompanied by the appearance of sleep spindles and 
epilepsy64,65. Given that the hippocampus is a fundamental region in 
regulating mood and memory (Tartt et al., 2022) and is particularly 
vulnerable to brain injury, even to mild TBI (Obenaus et al., 2023), our 
present study provided evidence that the neurological dysfunction 
after TBI in mice is associated with the exacerbation of inflammation 
and oxidative stress in hippocampus, demonstrating that hippocampus 
would be a crucial brain region for preventing and ameliorating the 

FIGURE 6

Reactive microglia is aggravated in the late phase of adolescent TBI. (A–D) Representative immunoblots and relative densities of IBA1, CD16/32, ARG-1 
of the ipsilateral hippocampus at 1, 3, 6 and 12 mpi, n  =  3. (E) Representative images of immunofluorescent double staining of IBA1 (red) and CD16/32 
(green) of the ipsilateral hippocampal hilus; white arrows, IBA1 and CD16/32 double positive cells. (F) The quantitative analysis of the percentage of 
IBA1 and CD16/32 double positive cells, n  =  6. (G) Representative images of immunofluorescent double staining of IBA1 (red) and ARG-1 (green) of the 
ipsilateral hippocampal hilus; white arrows, IBA1 and ARG-1 double positive cells. (H) The quantitative analysis of the percentage of IBA1 and ARG-1 
double positive cells, n  =  6. *p  <  0.05 compared with age-matched sham (Mann–Whitney U Test), #p  <  0.05 compared with the TBI mice of preceding 
adjacent group (Tukey’s post hoc test); scale bar, 20  μm.
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secondary neurological dysfunctions at the late stage of TBI. Future 
studies are still needed to explore the link between the damage of 
neurological functions and the pathophysiological changes in different 
brain regions in the late stage of TBI.

Different mechanisms of neuronal death have been reported during 
the acute phase of TBI, including apoptosis, autophagy, necrosis, and 
ferroptosis (Dong et al., 2018; Liu et al., 2018; Xie et al., 2019; Akamatsu 
and Hanafy, 2020; Sarkar et al., 2020; Cheng et al., 2023). Abnormal 
autophagy is detected in the perilesional cortex after 12 weeks following 
TBI (Ritzel et al., 2022). However, few studies have focused on the pattern 
of cell death in the ipsilateral hippocampus during chronic phase of 
TBI. In the present study, we disclosed that apoptosis accounted for the 
long-term chronic neuronal loss in the ipsilateral hippocampus following 
TBI, which is consistent with the previous study that elevated cleaved-
caspase-3 in the ipsilateral thalamus resulted in chronic myelin pathology 
following TBI (Glushakov et al., 2018). Further studies on the manner of 
neuronal impairment in different regions during the late phase of TBI 
are warranted.

During the early stage of TBI, excessive ROS are generated by 
granulocytes and macrophages rather than activated or resting 
microglia, leading to extensive oxidative stress at the lesion site (Abe 
et al., 2018; Wu et al., 2022). In the chronic phase of TBI, microglia or 
macrophages contribute more to ROS generation and oxidative stress 
in the injured brain, which is supported by the increased NADPH 
oxidase (NOX2) in the microglia or macrophages at 1 year post injury 
(Loane et al., 2014). Although we did not explore the source of ROS 
in the late phase of adolescent TBI, the aggravated oxidative stress in 
the ipsilateral hippocampus may contribute to the neurological 
dysfunction in middle-aged mice. Our present data is consistent with 
the previous study that oxidative stress is one of the etiologies of 
various neurodegenerative diseases (George et al., 2022).

It has been reported that astrocytes and microglia/macrophages 
play important roles in the initiation and persistence of inflammatory 
responses following TBI (Mira et al., 2021). Our present study revealed 

that the persistent reactive astrocytes undergo morphological changes 
in the ipsilateral hippocampus during the whole observed chronic 
phase, which is consistent with the previous study that reactive gliosis 
is maintained for up to 60 days following injury in the CCI model 
(Villapol et al., 2014). The reactive astrogliosis may secrete various 
cytokines/chemokines and transform into A1 neurotoxic astrocytes 
to influence the local inflammatory microenvironment, which is 
supported by the evidence that astrocytic complement C3 is linked to 
various neurological diseases (Yun et al., 2018; Clark et al., 2019; Li 
et al., 2022; Stym-Popper et al., 2023). In line with the intricate spatial 
morphological structure of reactive astrogliosis post injury, 
we  observed that certain astrocytes in the hippocampal hilus 
underwent morphological complexity, which might contribute to the 
neuronal damage in the chronic phase of TBI.

Microglia is recognized as the most important contributor to 
inflammation following TBI. Reactive microglia are found in multiple 
brain regions in the early and late stages of TBI (Loane et al., 2014). In 
our study, M1 subtype of the microglia was demonstrated to be a 
chronic and possibly lifelong event in the ipsilateral hippocampus post 
injury, which is also consistent with the previous opinion that 
microglia maintains a prolonged proinflammatory state after brain 
trauma (Loane et  al., 2014). Some studies have reported that the 
reactivate microglia and the proinflammatory subtype of microglia 
may enhance the phagocytosis of degenerative axons and synapsis in 
mouse models of multiple neurodegenerative diseases (Alawieh et al., 
2021; Guo et  al., 2022). Though we  did not test the phagocytotic 
capability of reactive microglia in hippocampus, the reactive microglia 
in the late stage of TBI may partly account for the neurological 
dysfunction in the late life of TBI mice.

Considering that NRF2 is the most important element for 
mediating antioxidant and anti-inflammatory response in both 
human and rodent TBI models (Dong et al., 2018, 2019; Guo et al., 
2019; He et  al., 2019), our previous study reveals that NRF2 is 
ubiquitously activated in neurons, astrocytes, microglia, and 

FIGURE 7

Schematic diagram of changes in neurological function, oxidative stress and neuroinflammation during the late phase of TBI. Oxidative stress and 
neuroinflammation occur in the hippocampus of adolescent TBI mice within 6 mpi, accompanied by increased expression of NRF2, HMOX-1, and 
NQO-1. TBI mice developed persistent memory impairment and anxiety behavior within 6 mpi, and began to develop depression-like behavior at 6 
mpi. At 12 mpi, the expression of NRF2, HMOX-1, and NQO-1 was significantly decreased, leading to aggravated oxidative stress and 
neuroinflammation, as well as exacerbated memory impairment, anxiety-and depression-like behaviors.

18

https://doi.org/10.3389/fnins.2023.1292014
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Chen et al. 10.3389/fnins.2023.1292014

Frontiers in Neuroscience 12 frontiersin.org

oligodendrocytes in the early stages of TBI in a spatial and temporal 
pattern (Dong et al., 2018, 2019; Guo et al., 2019; He et al., 2019). In 
our present study, persistent NRF2, and its regulated genes, HMOX-1 
and NQO-1 were triggered by TBI within 6 mpi. However, it is not 
sufficient to antagonize the chronic oxidative stress. In addition, 
NRF2-mediated antioxidative response decreased sharply in the 
middle-aged mice (12 mpi), which is consistent with the previous 
studies that downregulation of NRF2 results in increased oxidative 
stress in aged mice (Zhang et al., 2015; Schmidlin et al., 2019) and 
neurodegenerative diseases (Osama et al., 2020; Zgorzynska et al., 
2021). The lack of NRF2 in the late life of TBI mice may also account 
for the enhanced inflammation and neural dysfunction, which is 
supported by the evidence that NRF2 ablation leads to the increase of 
proinflammatory cytokines and modulation of microglial dynamics 
(Rojo et al., 2010; Chen et al., 2018). Thus, chronic oxidative stress and 
neuroinflammation in the hippocampus may be  linked with the 
physical deficiency of NRF2 in the late life of TBI mice, which also 
needs further investigation.

Conclusion

Our study describes the dynamic neurological dysfunction in the 
chronic late phase of TBI. The persistent neuroinflammation and 
oxidative stress contribute to the neuronal apoptosis and neural 
dysfunction in the late life of adolescent TBI mice. The aggravated 
neurological dysfunction in middle-age of the TBI mice may be partly 
associated with the physical deficiency of NRF2. Our present study 
provides significant insights into the mechanism underlying the long-
term neurological decline post-injury in adolescent individuals and 
the detrimental effects of TBI in the late life of the victims.
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Introduction: Functional connectivity (FC) is the correlation between brain 
regions’ activities, studied through neuroimaging techniques like fMRI. It 
helps researchers understand brain function, organization, and dysfunction. 
Hyperthyroidism, characterized by high serum levels of free thyroxin and 
suppressed thyroid stimulating hormone, can lead to mood disturbance, 
cognitive impairment, and psychiatric symptoms. Excessive thyroid hormone 
exposure can enhance neuronal death and decrease brain volume, affecting 
memory, attention, emotion, vision, and motor planning.

Methods: We conducted thorough searches across Google Scholar, PubMed, 
Hinari, and Science Direct to locate pertinent articles containing original data 
investigating FC measures in individuals diagnosed with hyperthyroidism.

Results: The systematic review identified 762 articles, excluding duplicates and 
non-matching titles and abstracts. Four full-text articles were included in this 
review. In conclusion, a strong bilateral hippocampal connection in hyperthyroid 
individuals suggests a possible neurobiological influence on brain networks that 
may affect cognitive and emotional processing.

Systematic Review Registration: PROSPERO, CRD42024516216.

KEYWORDS

brain, fMRI, functional connectivity, hyperthyroid, resting-state fMRI

Introduction

Functional connectivity (FC) refers to the statistical correlation between the activities of 
different brain regions, typically observed through neuroimaging techniques such as functional 
magnetic resonance imaging (fMRI) (Müller, 2013; Cao et al., 2022; Ursino et al., 2022). 
Studies of it aim to understand how different brain regions communicate and coordinate their 
activities during various cognitive processes or in different states (Cao et al., 2022). Analyses 
of it have become increasingly important in neuroscience, offering valuable information about 
brain function, organization, and dysfunction. Researchers use these analyses to explore 
normal brain function, investigate neurological and psychiatric disorders, and assess the effects 
of interventions or treatments on brain connectivity patterns (Wojtalik et al., 2018).
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Hyperthyroidism is defined as a high serum level of free thyroxin 
(FT4) and/or triiodothyronin (T3) and a suppressed thyroid 
stimulating hormone (TSH) level (Samuels, 2014; Ross et al., 2016). 
Thyroid hormone (TH) is essential for normal brain development and 
may also promote recovery and neuronal regeneration after brain 
injury (Liu and Brent, 2018; Talhada et al., 2019). Thyroid hormones 
are essential for appropriate growth, reproduction, and regulation of 
energy metabolism, neuronal development, and cognitive and 
behavioral development (Stasiolek, 2015; Taylor et al., 2018; Mathew 
et  al., 2020). The mechanisms include the regulation of neuronal 
plasticity processes, stimulation of angiogenesis and neurogenesis, as 
we  as modulating the dynamics of cytoskeletal elements, and 
intracellular transport processes (Talhada et al., 2019).

It is clear that without optimal thyroid function, mood 
disturbance, cognitive impairment, and other psychiatric symptoms 
can emerge (Lekurwale et al., 2023). In animal studies, changes in the 
release pattern of acetylcholine and monoamines have been found in 
the hippocampus and frontal cortex of experimentally induced 
hyperthyroid rats, along with associated functional changes (Eslami-
Amirabadi and Sajjadi, 2021). Particularly in severe cases, thyroid 
dysfunction can result in a variety of emotional and cognitive 
disorders, such as executive function deficiencies, depression, anxiety, 
and irritability (Samuels, 2014; Stasiolek, 2015).

Related to the morphological changes of hyperthyroid individuals 
in the brain, exposure to excess thyroid hormones has been shown to 
enhance neuronal death and decrease brain volume (Folkestad et al., 
2020), which leads to more severe atrophy of the amygdala (Wu et al., 
2016; Eslami-Amirabadi and Sajjadi, 2021) and hippocampus (Wu 
et al., 2016; Eslami-Amirabadi and Sajjadi, 2021; Quinlan et al., 2022). 
Hyperthyroid patients exhibited reduced grey matter volume in 
regions associated with memory, attention, emotion, vision, and 
motor planning (Zhang et al., 2014).

The exploration of functional connectivity between brain 
regions is deemed essential to elucidate the neuropsychiatric 
symptoms associated with hyperthyroidism and the impact of 
elevated thyroid hormone levels on the adult brain (Cao et al., 2022; 
Lekurwale et al., 2023). Thyroid hormones play a crucial role in 
functional connectivity under physiological conditions (Schroeder 
and Privalsky, 2014). In the brain, T4 is converted to active T3 by 
type 2 deiodinase produced by glial cells, highlighting the 
importance of these hormones in brain development and function 
(Fingeret, 2024). Studies revealed functional connectivity changes in 
hyperthyroid patients, an increase in functional connectivity in the 
rostral temporal lobes, which is integrated with the cognitive control 
network (Göbel et  al., 2020), lower amplitude of low-frequency 
fluctuations (ALFF) was found in the patients in the right posterior 
cingulate cortex, and increased functional connectivity in the 
bilateral anterior and posterior insula, and importantly, in the left 
anterior lobe of the cerebellum (Göbel et al., 2020). Research has 
shown that thyroid hormone functions may play a crucial role in 
modulating functional connectivity in early-course schizophrenia, 
impacting cognition and functional outcomes (George et al., 2023), 
resting-state brain network functional connectivity, and shedding 
light on the intricate relationship between thyroid function and 
brain network dynamics (Li et al., 2022).

Despite the significance of certain brain regions in emotional and 
cognitive regulation, there is a notable gap in research pertaining to 
the interactions between and within these regions in hyperthyroid 
patients. This review highlights hyperthyroidism’s potential impact on 

connectivity between brain regions and improves our understanding 
of the functional connectivity of targeted regions.

Method

Registration and protocol

This study protocol is registered with the International Prospective 
Register of Systematic Reviews website (PROSPERO; registration 
number CRD42024516216).

Eligibility criteria

Hyperthyroid patients: all patients who have elevated serum FT3 
or FT4 levels, and decreased TSH levels (Ross et  al., 2016; Toyib 
et al., 2019).

Pre/post studies: one experimental session was performed before 
and one after the end of administration of medications or procedures 
to assess the impact of medications like anti-thyroid drugs, radioiodine 
therapy, beta blockers, and thyroidectomy on patients with 
hyperthyroidism (Doubleday and Sippel, 2020).

We applied the PICO method as a selection criteria for articles:
Population: hyperthyroid patients.
Interventions: thyroid hormone thyroxin replacement therapies, 

for example, levothyroxine.
Study type: randomized controlled trials, case–control studies, 

and quasi-experimental studies.
Cases: hyperthyroid patients.
Control: healthy controls.
Outcomes: primary outcome– brain functional connectivity.
Outcome assessment time: There was no limit to the outcome 

assessment time.
Publication year and language: English-language literature, with 

publication year not limited. List of countries: all countries in the world.

Search strategy and selection criteria

Four databases– PubMed, Hinari, Science Direct, and Google 
Scholar– were used to identify studies about brain functional 
connectivity from the inception date to November 21, 2023. Using 
title, abstract, and keywords, we searched out the primary studies 
using the keywords selected: brain, connectivity, network, 
hyperthyroidism, and their synonyms using AND, OR, and NOT 
filters as described in Supplementary file 2. This systematic review was 
prepared according to the instructions of the PRISMA guideline.

Data extraction

We developed a form to extract the suitable data, including the 
following details: (1) characteristics of the papers (authors, publication 
year, and country); (2) characteristics of the participants (sample size, 
age range, and drug use); (3) study design and measurement method; 
(4) method of analysis; and (5) results. Two authors (ET and LM) 
independently extracted the data, and disagreements were resolved by 
discussing with the third author (MG).
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Results

Identification of eligible studies

Figure 1 shows the result of our screening process. We identified 
762 articles with our searching strategy. Duplicate articles (n = 85) 
were excluded. The articles that according to title and abstract did not 
match the selection criteria (n = 667) were also excluded. Finally, four 
articles out of 10 available full-text articles were included in this 
systematic review. The details of the excluded six articles are presented 
in Supplementary file S1.

Characteristics of included studies

The included studies were either case–control or quasi-experimental 
studies. The etiology of the disease in the three studies was Graves’ 
disease, and one drug-induced pre-and post-study. They were all small 
studies, with the largest sample size of 47. General characteristics of the 
studies, like the first author’s name, year of publication, country, sample 
size (case/control or pre-post), age range of participants, and drug use 

for the study, are shown in Table 1, and the imaging method, study 
design, analysis method, and results are presented in Table 2.

Discussion

Reviewing the available evidence, we find significant changes in 
brain functional connectivity among hyperthyroid patients. These 
alterations imply that hyperthyroidism may impact brain networks 
neurobiologically. Studying connectivity patterns in healthy 
individuals and those with hyperthyroidism can help us understand 
disruptions in thyroid dysfunction networks, clarify cognitive and 
emotional symptoms in thyroid disorders, and guide future 
therapeutic interventions targeting neural circuits. In hyperthyroid 
patients, alterations in functional connectivity have been observed, 
particularly in regions associated with emotion regulation, memory, 
and cognitive processing (Chen et al., 2021). Changes in FC observed 
in hyperthyroid patients can be attributed to several mechanisms and 
could explain the manifestations of different disorders.

Recent advancements in neuroimaging techniques have shed light 
on the intricate neural alterations accompanying this disorder 

FIGURE 1

PRISMA flow chart for selection of eligible articles.
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(Minnerop et al., 2018; Yen et al., 2023). Among these, changes in FC 
within the brain have emerged as a critical area of investigation. The 
observed connectivity between hyperthyroid patients and healthy 
controls suggests shared neural circuitry, potentially crucial for 
detecting the hippocampal memory system’s operation in humans 
(Liu et al., 2017; Ma et al., 2022).

One of the central findings of the reviewed papers is the disruption 
in connectivity patterns involving the hippocampus and cingulate cortex. 
Zhang et al’s. (2014) study found that hyperthyroid individuals show 
weakened connectivity between the bilateral ACC and PCC and the 
hippocampi. This suggests that hyperthyroidism affects the limbic 
system, which is crucial for memory consolidation and emotional 
regulation. The alterations may indicate cognitive or mental disorders 
associated with the hippocampus and other brain areas (Li et al., 2017; 
Yao et al., 2022). Hyper-connectivity patterns may affect the functional 
connectivity of the default mode network, potentially impacting episodic 
memory and self-representation (Zanão et al., 2017; Staffaroni et al., 
2018; Ursino et al., 2022). The direct effects of thyroid hormones on these 
brain regions contribute to their functional integrity and connectivity 
(Biswas and Dey, 2014). Thyroid hormones have receptors in the 
cingulate cortices and hippocampi. T3 and T4 influence neurotransmitter 
systems such as glutamate (Ritchie and Yeap, 2015; Zhu et al., 2022), and 
gamma-aminobutyric acid (GABA) (Yi et al., 2014; Prisciandaro et al., 
2021), which are crucial for synaptic transmission and neuronal plasticity 
in the cingulate cortices (Prisciandaro et al., 2021). Alterations in thyroid 
hormone levels can disrupt the balance of excitatory and inhibitory 
neurotransmission, leading to changes in neural connectivity and 
function within the ACC and PCC and impairing hippocampal function, 
leading to deficits in memory consolidation, emotional processing, and 
spatial navigation (Bavarsad et al., 2019).

Moreover, the correlation between FC strength and clinical 
variables provides valuable insights into the progression of the disease 
(Zhang et  al., 2014). A significant negative correlation was found 
between disease duration and FC strength between the hippocampi 
and cingulate cortices (Zhang et al., 2014; Milton et al., 2022). This 
suggests that as the disease progresses, there is a decline in the 
integrity of neural circuits linking these regions (Zhi et  al., 2018; 
Johansson et al., 2023), due to adaptive changes or neuronal damage 
in hyperthyroid patients. In addition, chronic hyperthyroidism could 
lead to structural (Zhang et al., 2014; Zhe et al., 2021; Duda et al., 
2023; Xiong et al., 2023), and functional changes in the hippocampi 
and cingulate cortices, affecting their connectivity patterns. This is 
clinically important in identifying neuroimaging markers that can 

be used to track the progression of hyperthyroidism and assess the 
effectiveness of treatment interventions (Clerc, 2020).

Beyond hippocampal-cingulate alterations, hyperthyroidism is 
also associated with changes in FC involving regions crucial for 
cognitive processing and emotional regulation (Göttlich et al., 2015). 
Increased degree centrality was observed in temporal regions, 
including the right inferior temporal gyrus, left middle temporal 
gyrus, right middle temporal gyrus, and left middle temporal pole. 
Additionally, there was a significant increase in FC within the bilateral 
temporal poles and left middle temporal gyrus (Göttlich et al., 2015; 
Zhang et  al., 2018), indicating heightened connectivity within 
temporal regions. Notably, the left temporal pole exhibited stronger 
connections with various regions, including the dACC, ITG, and 
frontal gyrus, underscoring the widespread impact of hyperthyroidism 
on functional brain networks. Degree centrality refers to the number 
of connections a node (brain region) has with other nodes in the 
network (Yoo et al., 2017; Jia et al., 2019). The heightened degree 
centrality indicates increased functional connectivity and 
communication within these temporal regions. This indicates 
increased synchronization and information exchange within these 
regions (Csató, 2017; Lorenzini et al., 2022). The study suggests that 
hyperthyroid patients’ cognitive deficits may be linked to disrupted 
functional coordination within the default mode network (DMN), 
emphasizing the significance of interhemispheric connectivity (Zhi 
et al., 2018; Berron et al., 2020; Wang et al., 2023).

Conversely, decreased ALFF was noted in regions such as the 
posterior cingulate gyrus and bilateral inferior parietal gyrus (Zhang 
et al., 2018), suggesting reduced neural activity. In association with this, 
Milton et  al.’s ROI-based functional connectivity analysis reveals 
changes in connectivity patterns in the inferior parietal gyrus and 
posterior cingulate gyrus, indicating complex regional dynamics 
(Uddin et al., 2009). Additionally, disruptions in FC were observed in 
cerebellar-frontal circuits, with decreased connectivity between the left 
PLC and MTG within the attention network (Li et al., 2017). Besides 
its motor coordination ability, the cerebellum increasingly recognized 
for its role in cognitive functions, including attention (Li et al., 2017; 
Liu et al., 2017; Yao et al., 2022). Dysfunction within the cerebellum 
and frontal regions impairs the coordination and modulation of 
attention networks (Arif et  al., 2020). Damage to the tract and 
disruptions in neuronal synchronization between the cerebellum and 
frontal cortex may contribute to decreased functional connectivity 
(Wang et al., 2023). Cognitive ability is affected by reduced connectivity 
between cortical regions, particularly the prefrontal cortex, and 

TABLE 1 General characteristics of the studies included in this systematic review.

Author/year Country Patient’s characteristics

Sample size (n) Age in years 
(Mean  ±  SD)

Duration of disease/ Rx Etiology of disease

Zhang et al. (2014) China -Cases: 46 -Controls: 46 -Case: 29.72 ± 7.93 

-Controls: 29.26 ± 6.50

8.74 ± 5.64 months Graves’ disease

Göttlich et al. (2015) German n = 29 30 (21—49) Levothyroxine 250 μg per day for 

8 weeks

Drug induced

Zhang et al. (2018) China -Cases: 13 hyperthyroid 

pts.

-Controls: 13 healthy

-Case: 32.7 ± 10.2

-Controls: 33.2 ± 11.3

– Graves’ disease

Li et al. (2017) China -Case: 33 hyperthyroid

-Controls: 33 HC

-case: 37.36 ± 12.43

-control: 39.03 ± 13.28

9.94 ± 17.31 months Graves’ disease
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TABLE 2 List of studies with their methods and results.

Author/year Imaging method Study design Analysis methods Result

Zhang et al. (2014) rs-fMRI Case–control Seed voxel correlation 

approach

Within-group analysis:

-The bilateral hippocampus showed strong connectivity to other regions in the bilateral limbic system (hippocampus, 

parahippocampal gyrus, amygdala, and insula), bilateral temporal lobe (inferior/middle/superior temporal gyrus and temporal 

pole), thalamus, bilateral basal ganglia (globus pallidus, caudate, and putamen), bilateral frontal lobe (medial/inferior frontal 

gyrus, orbital frontal cortex, ACC), brainstem, and bilateral cerebellum.

Between-group analysis:

-The bilateral ACC and PCC showed significantly weaker connectivity to the left hippocampus in the hyperthyroid group.

-The hyperthyroid group showed a reduced connection between the bilateral ACC, bilateral PCC, and right medial 

orbitofrontal cortex (mOFC) with the right hippocampus.

Correlation between functional connectivity and clinical variables:

-When the seed was located in the left hippocampus, there was a significant negative correlation between disease duration and 

the strength of FC to both the bilateral ACC and bilateral PCC.

-Similarly, when the seed was placed in the right hippocampus, significant negative correlations were found between disease 

duration and FC strength to both the bilateral ACC and PCC.

Göttlich et al. (2015) rs-fMRI Quasi-experimental -Voxel degree centrality 

maps

-Seed-based functional 

connectivity

-Increase in degree centrality in the right inferior temporal gyrus, left middle temporal gyrus, right middle temporal gyrus, and 

left middle temporal pole.

-Significantly increase functional connectivity in the bilateral temporal poles and left middle temporal gyrus.

-The left temporal pole was significantly stronger and connected to the dorsal anterior cingulate cortex (dACC), inferior 

temporal gyrus (ITG), inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and supramarginal gyrus (SMG).

-The right temporal pole showed significantly stronger connectivity to the MFG, IFG, and SMG.

Zhang et al. (2018) rs-fMRI Case–control -ALFF analysis

-region of interest (ROI) 

-based functional 

connectivity analysis

-Decreased ALFF values in the patient group included the posterior cingulate gyrus and bilateral inferior parietal gyrus.

-Increased ALFF values in the right thalamus and bilateral cuneus

-Significant negative correlation between ALFF values of the left inferior parietal gyrus and the left posterior cingulate gyrus

-ROI-based FC analysis revealed increased FCs between the left inferior parietal gyrus and left rostral ACC and bilateral frontal 

lobe; left posterior cingulate gyrus and bilateral left temporal lobe.

Li et al. (2017) rs-fMRI Case–control -Degree centrality

-Seed-based connectivity 

analyses

-Hyperthyroid patients had decreased degree centrality values in the left posterior lobe of the cerebellum and bilateral medial 

frontal gyrus.

-Decreased functional connectivity between seed-1 located in the left posterior lobe of the cerebellum (PLC) and right middle 

temporal gyrus (MTG) in the attention network.

-Lowered functional connectivity from both the left PLC and right cerebellum to the medial frontal gyrus (MeFG).
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sub-cortical regions in schizophrenia (Sheffield and Barch, 2016), 
bipolar disease (Ursino et  al., 2022), depression (Liu et  al., 2020), 
traumatic brain injury (Morelli et al., 2021; Nakuci et al., 2021), stroke 
(Wang et al., 2023), and functional seizure (Foroughi et al., 2020).

Taken together, these findings highlight the complex nature of the 
brain changes linked to hyperthyroidism. The dysregulation of thyroid 
hormones affects multiple pathways and mechanisms within the 
brain, leading to diverse neurological manifestations. This complexity 
underscores the need for a comprehensive understanding and 
management of the neurological aspects of hyperthyroidism. The 
findings open the door for additional research into the functional 
implications of these connectivity changes and how they might impact 
the mental and emotional health of hyperthyroid patients, in addition 
to expanding our understanding of the brain mechanisms underlying 
thyroid dysfunction (Ritchie and Yeap, 2015; Eslami-Amirabadi and 
Sajjadi, 2021). Combining these many viewpoints allows for a more 
thorough understanding of the complex relationship between thyroid 
function and brain connections.

Limitations

This systematic review had some limitations.

 ➢  The exploration of functional connectivity in neuroscience 
has encountered limitations, with a paucity of 
comprehensive studies on the intricate networks that 
govern brain function. To advance our understanding of the 
dynamic relationships between distinct brain regions, there 
is a pressing need for more extensive studies on brain 
functional connectivity in patients with hyperthyroidism.

 ➢  A significant limitation frequently encountered in research 
is the small sample size. Small sample sizes can magnify 
individual differences and chance variations, making it 
challenging to draw robust conclusions or to establish the 
true effect of an intervention or phenomenon. The studies 
included in this review had a small sample size, with a 
minimum of 13 and a maximum of 46.

 ➢  All studies used fMRI as the imaging technique. It has 
limitations compared to other connectivity techniques, 
including lower temporal resolution (vs. EEG/MEG), 
sensitivity to motion artifacts, and reliance on blood flow 
measurement. Techniques like EEG and MEG offer better 
temporal resolution.

Conclusion and recommendation

In conclusion, research on brain functional connectivity among 
patients with hyperthyroidism suggests a potential neurobiological 
impact of hyperthyroidism on intricate brain networks. This study found 
strong bilateral hippocampal connectivity across various brain regions, 
suggesting a fundamental neural network. Alterations in connectivity 
patterns suggest a potential hub role in hyperthyroid states, affecting 
cognitive and emotional processing. These findings highlight the 
complex nature of brain changes linked to hyperthyroidism and suggest 
the need for further investigations into the functional effects of these 
connectivity alterations on mental and emotional well-being.

We suggest exploring how changes in connectivity affect thinking 
and emotions in hyperthyroidism patients to help develop better 
mental health treatments. Furthermore, given the recognized 
challenge of small sample sizes in research, it is advisable for future 
studies to strive for larger and more representative samples to 
enhance the reliability and generalizability of the findings. 
Additionally, researchers should consider diversifying imaging 
techniques beyond fMRI to overcome its limitations such as lower 
temporal resolution and susceptibility to motion artifacts.
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Over the years, advancements in modeling neurological diseases have revealed

innovative strategies aimed at gaining deeper insights and developing more

e�ective treatments for these complex conditions. However, these progresses

have recently been overshadowed by an increasing number of failures in clinical

trials, raising doubts about the reliability and translatability of this type of disease

modeling. This mini-review does not aim to provide a comprehensive overview

of the current state-of-the-art in disease mouse modeling. Instead, it o�ers a

brief excursus over some recent approaches in modeling neurological diseases

to pinpoint a few intriguing strategies applied in the field that may serve

as sources of inspiration for improving currently available animal models. In

particular, we aim to guide the reader toward the potential success of adopting

a more orthogonal approach in the study of human diseases.

KEYWORDS

mouse model, genetic engineering, neurodevelopmental disorders, neurodegenerative

disorders, reversibility

Introduction

All cells within a complex multicellular organism retain the same genetic information.

The regulation of gene expression is the crucial mechanism to interpret and utilize such

information and create the overarching diversity of cell types composing those organisms.

The interplay of various intrinsic and extrinsic factors influences gene expression. They

can induce either expression or silencing at specific time points, ultimately dictating

cellular identity, morphology, and function (Savulescu et al., 2020) both during embryonic

development and throughout subsequent adult life (Pope and Medzhitov, 2018).

In the central nervous system (CNS), neuronal development unfolds over a series of

intricate processes encompassing proliferation, migration, differentiation, synaptogenesis,

and pruning, to ensure the formation of functional neuronal connectivity. These biological

events are subjected to a tight regulation by specific genetic programs, which operate

following precise spatiotemporally-defined fashions (Subramanian et al., 2020). Even

subtle alterations to these programs can disrupt the proper assembly and maturation of

neuronal circuits, thereby triggering neurological pathology (Griffin et al., 2022).

As a result, decoding the functions of a gene of interest, or its pathological variants, in

relevant biological landscapes represents a major challenge. To this endeavor appropriate

experimental genetic tools, capable of providing a commensurate level of complexity

in terms of controlled gene expression, are fundamental. Employing various scales of

investigation, such as cell-type or age-specific approaches, can yield valuable insights into

previously unknown gene functions and their roles in disease development or progression.
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Understanding the intricacies of these genetic programs and how

they are disrupted in disease states is essential for uncovering

the underlying mechanisms of neurological disorders and devising

effective therapeutic interventions.

Lost in “translation”: challenges of
animal disease modeling

A spectrum of technologies, spanning from conventional

to more advanced in vitro and in vivo systems, alongside

computational modeling, has been explored in the pursuit of

elucidating the molecular underpinnings of finely orchestrated

processes, all with the overarching goal of reliably recapitulating

human diseases (Paşca et al., 2014; Birey et al., 2017; Jönsson

et al., 2020; Pomeshchik et al., 2020; Susaimanickam et al.,

2022; Li et al., 2023; Meng et al., 2023). In this direction,

across many years, mouse models emerged as the cardinal tool

for investigating disease mechanisms, progression and potential

therapeutic strategies (Lunev et al., 2022).

Nonetheless, despite the advantages and versatility of animal

models, their translational utility has faced increasing scrutiny in

recent years. One of the main concerns arises from the failure of

several clinical trials, despite the promising results obtained from

preclinical studies conducted in, mainly, murine models (Bespalov

et al., 2016; Seyhan, 2019; Marshall et al., 2023).

Several factors contribute to the translational gap between

preclinical animal studies and clinical trials including species

differences, model fidelity and disease heterogeneity. For instance,

while animal models may recapitulate certain aspects of human

diseases, they often fail to fully replicate the complexity of human

physiology, and therefore pathology. In addition, heterogeneity

should be taken into considerations. In the first place, many human

diseases are themselves characterized by significant heterogeneity

in terms of etiology, pathophysiology and clinical presentation as

exemplified by incomplete penetrance and variable expressivity

(Kingdom and Wright, 2022). So it is clear that such heterogeneity

can hardly be modeled by a unique disease model. Moreover,

genetic (e.g., mouse genetic backgrounds) and environmental

factors (e.g., experimental conditions) also may impact on the

fidelity of the model (Robinson et al., 2019; Georgiou et al., 2022).

Despite these inherent limitations, animal models have proven

to be invaluable tools over the years. Thus, it’s crucial to

acknowledge and eventually minimize these constraints while

exploring approaches to instead maximize the potential of the

models. Creating a unique, informative, and robust model

for a disease is often hardly feasible. Instead, applying an

orthogonal approach, e.g., based on the integration of independent

methodologies or model systems to address the same biological

topic, may result a more illuminating strategy. The current trend

in the animal modeling field is indeed evolving toward a “network”

approach, in which multiple types of models are employed, and

further experiments are redesigned based on evidence gained from

the other models (Pasko et al., 2023). This integrated manner

provides complementary insights and validation of findings,

enhancing the understanding of complex processes and disease

mechanisms, thus facilitating the translation of research findings

into clinical applications.

Often the investigation of the pathological consequences

of disease-causing gene variants begins with modeling the

extreme conditions: either total deletion or overexpression of

the gene of interest. Alternatively, since in many complex

genetic diseases, there exists a well-established inverse relationship

between disease-causing genetic variants and the severity of the

corresponding phenotype, researchers often exploit these rarer

variants with large effect sizes as a practical starting point for

delving into the investigation of the disease’s neurobiology to

delineate the causal pathways (Amanat et al., 2020; Gordon and

Binder, 2023). On this line, constitutive genetically engineered

mouse models represent the standard condition to approach

the study of the effects of genetic mutations. In fact, they

generally provide a broad overview of the disease and its most

severe manifestations (Dow, 2015). However, they may fail to

represent ideal platform for dissecting relevant phenotypes in

depth, especially in the context of neurodevelopmental and

neurodegenerative disorders.

These models frequently exhibit such severe manifestations

that may obscure the underlying subtle events contributing to

pathology. One exemplificative case is the embryonic lethality

or reduced survival of genetically modified animals, which make

challenging to study the effects of these mutations in mature organs

up to adult organisms. Additionally, the intricate and dynamic

processes at the basis of neurological disorders may only become

evident at specific levels of analysis (e.g., certain developmental

stages, cell populations, higher-order brain processes, network

connectivity, etc.) (Gordon and Binder, 2023) or may only manifest

when different pathological insults or risk factors converge, as

suggested by dual-hit hypotheses (Zhu et al., 2007; Rietdijk et al.,

2017; Guerrin et al., 2021).

Similarly in the neurodegenerative disorders’ scenario, the

experimental design of the most commonly used models was

indeed to recapitulate the hallmarks of the disease (e.g., cell

death, protein aggregation, inflammation etc.), often exacerbating

them (e.g., acute induction at extraordinary high levels), to

make immediately accessible the study of the desired phenotype.

However, these models do not respect the gradual development

of the pathology, corresponding symptomatology and, likely,

associated underlined biological processes. For this same reason,

conventional models, since do not allow for ad hoc modulation

of gene expression at specific stages, do not represent the ideal

platform for studying adult-onset neurodegenerative disorders as

well, where precise temporal control over the expression of disease-

associated genes should be pursued to align with the natural time

course of the disease.

To contextualize our premises, let’s frame our discussion

with a hypothetical neurological condition X arising from the

accumulation, and subsequent aggregation, of a mutated protein

X. While the exact mechanisms are yet unknown, this buildup is

believed to disrupt the function of either excitatory or inhibitory

neurons. This results in an altered balance between excitation

and inhibition, ultimately leading to cognitive andmotor deficits.

For an initial investigation, protein accumulation is

experimentally mimicked by the generation of constitutive

transgenic mouse model overexpressing the gene X (Figure 1A).

Unfortunately, the new line is characterized by a high mortality
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rate, making the study of the pathological underpinnings hardly

feasible. This outcome opens up the necessity of exploring an

alternative strategy to model the condition.

To holistically understand the etiopathogenesis of a disease,

both the cellular origin and the precise timing of its pathogenesis

are to be carefully considered. In the framework of neurological

disorders, this means identifying the critical time window when the

CNS becomes vulnerable the most to the pathogenic insult, either

protein loss or accumulation, and where this happens. Instead, in a

therapeutical perspective, to determine the “point of no return,” so

when the organ is no longer able to recover from that challenge.

Exploring space and time: novel
insights from animal models

While constitutive models are useful for generating

experimental conditions with readily observable phenotypes,

thus serving as starting point of investigation, conditional genetic

engineering may provide higher level of information.

Conditional knock-out or knock-in models, used for an

alternative but targeted explorative approach, have revolutionized

our ability to ask specific biological questions with greater precision

and control. In this framework, the Cre/loxP recombination system

represents the cornerstone of conditional genetic manipulation

in mice, including gene deletion, insertion, inversion, or

translocation. Applied for the first time in vivo by Rajewsky

and Marth in 1994, this “simple” yet powerful tool soon became

indispensable for interrogating the genetic and molecular basis of

diseases (Gu et al., 1994; Rajewsky et al., 1996; Heldt and Ressler,

2011).

The system facilitates the controlled insertion of desired genetic

modifications by exploiting two key components: the strategical

incorporation of loxP sequence recognition sites to flank (“floxed”)

a DNA sequence (e.g., gene of interest, STOP cassette) and the

regulated expression of Cre recombinase under the control of a

specific promoter. Therefore, the adaptable nature of the Cre/loxP

system provides the sought flexibility in experimental design,

making it invaluable for uncovering several information.

To overcome the limitation of the previous constitutive

model, a novel conditional allele been generated to modulate

ad hoc gene X expression and the consequential protein

accumulation. The novel line carries an additional gene

X copy preceded by a floxed STOP cassette (Figure 1B).

Given the CNS-related phenotype, the disease has been

mimicked crossing the new line with the Nestin-Cre, active

in neural progenitors (Figure 1C). The resulting mutant

recapitulates disease-associated neurological phenotypes,

including cognitive (e.g., anxiety, memory) and motor deficits

(e.g., balance, coordination).

This approach was nicely exemplified by Li J. et al. (2022)

who employed various Cre lines to investigate AUTS2’s functions,

a gene implicated in autism spectrum disorders (ASDs), within

the brain. Since a constitutive knock-out model resulted in

embryonic lethality, the authors generated Auts2 floxed mice

subsequently crossed with different Cre lines to conditionally

disrupt Aust2 at distinct developmental stages and in specific

forebrain regions. For instance, using Cre lines with region-specific

expression patterns enabled them to discernAuts2’s role in different

phases of dentate gyrus (DG) specification. This temporally-

dictated analysis was fundamental to confirm Auts2 function for

DG development only at early postnatal stage, highlighting its

critical involvement as transcription repressor in a previously

unknown mechanism for neural cell migration. To specifically

analyze the gene’s function during the postnatal phase, they also

took advantage of viral tools for delivering the Cre recombinase.

This approach not only offered additional spatial control, through

local injections, but also provided temporal control, via the

timing of injection. This strategy proved advantageous in avoiding

potential compensatory mechanisms triggered by gene knockdown

throughout development.

To further deepen the pathological basis of disease X,

the Emx1-Cre and the Dlx5/6-Cre have been employed to

induce accumulation in either excitatory or inhibitory neurons

respectively (Figures 1D, E). Notably, only the excitatory-

restricted mutants present few of the neurological phenotypes.

The injection of virally-delivered Cre, using replication-

deficient adeno-associated (AAV) or lentiviral (LV) vectors, serves

as a potent tool for controlling the expression of the gene of

interest (Heldt and Ressler, 2011; Lunev et al., 2022). This approach

increases the flexibility of the Cre/loxP system to adapt to various

experimental needs, including the exploration of gross structural

changes, as well as consequential interrogation of functional

aspects, such as neuronal circuit activity, in greater detail (Hui

et al., 2022). In a recent study by Yonan and Steward (2023),

to examine the deletion of Pten in fully mature neurons, a gene

implicated in ASDs in humans, an AAV-delivered Cre has been

unilaterally injected in the Pten floxed model. Specifically, the viral

particles have been introduced directly into theDG to induce a focal

deletion, while maintaining Pten expression in the cells of origin

of the input circuits. This strategy is noteworthy because, unlike

constitutive models, it allows for investigation of the direct primary

effects of the gene, without interferences resulting from gene

suppression in other connected regions. This approach revealed

how Pten suppression at the level of the DG triggers synapse

formation, independently of PTEN activity in the presynaptic cells.

Viral delivery is an excellent option for achieving focal

expression, or deletion, of a gene of interest, precisely in

space and time. In adult animals, viruses can be delivered

through various methods, such as tail vein injections for

systemic delivery, intrathecal or stereotaxic injections for a

more localized delivery. On the other hand, for perinatal

expression, intracerebroventricular or retro-orbital injections may

be employed. Nevertheless, each of these surgical procedures

requires a different level of technical expertise.

Over the years, various advancements of the original

recombination system have emerged to achieve even finer

spatiotemporal comprehension (Shcholok and Eftekharpour,

2023). These include the tamoxifen-inducible Cre-ERT2 system

(Belteki et al., 2005; Heldt and Ressler, 2011; Hui et al., 2022;

Kellogg et al., 2023), photoactivatable Cre recombinases (Yoshimi
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FIGURE 1

Schematic representation of an illustrative orthogonal approach applied on the investigation of a fictitious X disease. (A) Generation of a transgenic

mouse model to induce constitutive gene X overexpression. (B) Generation of a conditional Cre-dependent knock-in mouse line harboring an

additional copy of the gene X under the control of a floxed STOP cassette for on demand induction of pathological protein accumulation. (C)

Generation of a conditional model overexpressing gene X in the entire CNS, including the spinal cord. (D, E) Generation of a conditional model

overexpressing gene X in excitatory (D) and inhibitory neurons (E) to explore their contribution to the pathological phenotype. (F) Generation a

conditional model overexpressing gene X in excitatory neurons upon Tamoxifen (tam) induction, at three postnatal timepoints, to explore their

temporal susceptibility to the pathological insult. (G) Generation of a tet-inducible reverse transactivator (rtTA)-dependent conditional model. Initial

administration of Doxycycline (Dox) induces protein X accumulation, while following Dox withdrawal restores protein levels to mimic various

dynamics of therapeutic interventions.
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et al., 2021; Li et al., 2022), Cre/Dre dual recombinase systems

(Kouvaros et al., 2023) and split Cre systems (Khoo et al., 2020;

Kim et al., 2021), among others. Some of these configurations are

of extreme help to easily explore the time and the space, inducing

the pathological insult within cell types at various embryonic and

postnatal timepoints with high specificity.

One effective method involves the tamoxifen-inducible Cre-

ERT2 system coupled with the plethora of promoters available today

to regulate its induction (Hayashi and McMahon, 2002; Shcholok

and Eftekharpour, 2023). In this system, the Cre recombinase

is fused to a modified estrogen receptor ligand-binding domain

(ERT2) that responds to tamoxifen, a synthetic estrogen analog.

Once expressed in the cell, this Cre-recombinase variant remains in

the cytoplasm without exerting any activity till the administration

of the drug, that triggers the translocation of the Cre into the

nucleus to perform its activity.

Sonzogni et al. (2019) leveraged the flexibility offered by this

inducible system in the context of Angelman syndrome (AS),

a severe neurodevelopmental disorder, to investigate the role of

UBE3A, a ubiquitin ligase amply implicated in brain development

and maturation. Since previous studies predominantly focused

on UBE3A critical functions in early brain development, the

researchers aimed to understand its role after normal brain

development. To address this issue, they generated a conditional

mouse model which was crossed with either a constitutive Cre line

to induce Ube3a embryonic deletion, establishing a baseline for

behavioral phenotypes, or the CreERT2 to trigger protein loss on

demand, e.g., after early brain development and later in adulthood.

This system proved crucial in confirming UBE3A’s role in normal

brain development, specifically its role in shaping neuronal

connectivity (e.g., synapse development) and its subsequent

involvement in motor coordination and cognitive functions (Greer

et al., 2010; Khatri and Man, 2019). This further delineates

embryonic and early postnatal stages as the critical window of

vulnerability of the brain to UBE3A protein loss. Notably, these

findings also suggest that early, transient UBE3A reinstatement

is likely to prevent most adverse phenotypes, underscoring the

importance of initiating gene reactivation therapies early in life.

To define the critical window of vulnerability of excitatory

neurons in X disease, a CaMKIIa-ERT2-Cre is employed

to induce protein X accumulation at differential timepoints

(Figure 1F): at birth (P0), juvenile (3 weeks of age) and adult

mice (14 weeks). This longitudinal approach allows to identify

early postnatal stage as the most susceptible to damages ensuing

protein accumulation.

This chemically-inducible system can be utilized also to

generate improved animal models, e.g., for studying disease stages

that were previously inaccessible. A study in the context of

Multiple System Atrophy (MSA), an adult-onset synucleinopathy

characterized by the presence of cytoplasmic inclusions in

oligodendrocytes, represents a nice example. Given the adult-onset

nature of the disease, to induce α-synuclein (Syn) expression only in

adulthood, Tanji et al. generated a novel floxed Syn knock-in mouse

line, which was subsequently crossed with a Cre-ERT2 driver line

under the control of an oligodendrocyte-restricted promoter (Tanji

et al., 2019). This enabled the generation for the first time of amodel

to investigate the effects of Syn expression onMSApathophysiology

specifically during the initial stages of disease progression, avoiding

any latent disturbance or compensatory effect due to sustained

promoter activity during the developmental stages. Given the

significance of early treatment in slowing MSA progression, this

model offers the unique opportunity to enhance understanding of

the events driving initial disease progression and to develop novel

therapeutics for MSA.

While inducible systems, like virally-delivered or chemically-

inducible Cre-dependent ones, offer valuable insights into subtle

pathogenic mechanisms, their acute induction represents an

artificial deviation from the natural time course of the disease.

However, if carefully designed, conditional knockout or knock-

in models offer an exclusive platform that can be smartly

utilized to systematically address many of the biological questions

arising when investigating a pathological condition. This allows

researchers to select the desired level of complexity, such as specific

cellular populations, brain regions, or temporal stages, in a more

controlled and physiologically relevant manner. Therefore, while

conditional models may not fully recapitulate the complexity of

human diseases, they offer unique advantages for investigating in

depth fine pathogenic mechanisms with a level of precision that is

often not unattainable with constitutive models.

Unveiling reversibility: flipping the
paradigm

By providing precise spatial and temporal control over

the disruption or overexpression of a gene, Cre-based systems

are invaluable tools for addressing specific biological questions.

Nonetheless, a primary constraint lies in the irreversibility of

the recombination once Cre activation, whether constitutive

or inducible, triggers it. The capability to first induce and

subsequently halt the pathological challenge, thus emulating a

potential treatment, yields insights into two critical facets: the

reversibility of disease symptoms and the temporal necessities for

therapeutic intervention.

For such reversible temporal regulation of gene expression, the

Tetracycline (Tet)-inducible binary system could be considered.

The Tet-On and Tet-Off systems allow to switch gene expression

on or off respectively, in response to the presence or absence

of tetracycline analogs (e.g., doxycycline). This system requires

the combination of two components in trans: the tet-inducible

transactivator (tTA) or reverse transactivator (rtTA), artificial

transcription factors under the control of a tissue-specific promoter,

and a modified tet-responsive element, which is activated upon

binding of the tTA/rtTA (Dogbevia et al., 2015). Therefore, this

system can easily achieve a spatiotemporal regulation similar to

the one of the Cre/loxP system, implementing reversibility as an

additional layer of control (Belteki et al., 2005).

Although tTA-dependent alleles corresponding to various

proteinopathies already exist, one of the significant limitations

of current mouse models for neurodegenerative diseases, is their

failure to properly mimic the disorder’s time course (Koller et al.,

2022). For example, in Alzheimer’s disease models, clinical signs

often manifest earlier than in the corresponding human pathology,

implying a need to delay the formation of the pathological
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amyloid plaques. Additionally, the limited availability of CNS-

targeting tTA driver lines poses a challenge for regional or cell-

type-specific studies. To address these limitations, Koller and

colleagues proposed using a Cre-to-tTA converter allele to yield

Cre-dependent expression of an existing Tet-regulated transgene

(Koller et al., 2022). This system allows to draw from the extensive

repertoire of Cre driver lines for precise spatial control, including

spatiotemporal control when considering Cre-ERT2 drivers. This

novel model was able to delay amyloid formation adapting it to

the natural disease progression, while also restricting this process

in specific cell types. This innovative combinatorial approach could

be applied to other diseases, neurodegenerative or otherwise, for

which tTA-dependent models already exist, maximizing the utility

and versatility of these powerful systems.

Combination of both systems, the Cre/loxP with the Tet-

O, can be exploited to further enhance control over transgene

induction. An example was recently done by Li J. et al. The

authors aimed to delineate the temporal requirements for TorsinA

in normal motor function in a mouse model of DYT1 dystonia,

a neurodevelopmental disease induced by a loss-of-function

mutation in the corresponding TOR1A gene (Li et al., 2021).

Previous studies focused on conditionally deleting TorsinA from

various regions of the CNS, thus revealing the existence of a

critical period of vulnerability of the brain to TorsinA loss (Tanabe

et al., 2012). To describe this existing temporal interval, a mouse

line enabling spatiotemporal control over the endogenous Tor1a

gene was developed by inserting at the 5
′

of the Tor1a start

site a cassette containing a floxed STOP element followed by a

tetracycline operator (Tet-O) in a Tet-On-like configuration to

confer both Cre and tetracycline responsivity. The Cre system was

used to restrict the defect in various brain regions to assess their

temporal sensitivity to lack of TorsinA function, while the Tet

system was employed to mimic a therapeutic restoration. Using

this setting, the authors restored protein levels using three different

temporal dynamics to simulate possible schedules of therapeutic

intervention. This innovative approach allowed the delineation of

a two-stage model for the disease: primary causative events directly

related to TorsinA loss and therefore reverted by its restoration

(stage 1) and the irreversible downstream molecular or circuit

changes independent of TorsinA function (stage 2). Although not

strictly physiological, this disease model has provided insights into

pathogenic dynamics, with significant implications for the design

and timing of effective therapeutic strategies.

The concept of implementing genetic reversibility in disease-

mouse models is crucial for determining the possibility and

extent of symptom reversion. This concept was pioneered by Guy

et al. (2007), in the context of Rett syndrome, an ASD caused

by mosaic expression of mutant copies of the X-linked MECP2

gene in neurons. To understand whether the postnatal restoration

of MeCP2 levels could reestablish the neuronal functionality,

the scientists inserted a removable floxed STOP cassette in the

endogenous mouse gene. The CreERT2 transgene was also present

to control the reactivation of the gene using tamoxifen injection.

This model demonstrated, for the first time, robust reversal of Rett

pathology upon Mecp2 restoration in both immature and mature

adult animals, paving the way of the importance of implementing

reversibility in the field of animal disease modeling.

As a postsynaptic scaffold protein, SHANK3 regulates synapse

formation, function, and plasticity, hence its disruption in disease

states results in synaptic defects and autistic-like behaviors. In the

perspective of a restorative gene therapy, since increased levels

of SHANK3 are connected to other neurological conditions (e.g.,

bipolar disorder) as well, Mei et al. (2016) proposed a novel

conditional knock-in mouse model to investigate the temporal

requirement of Shank3 gene. In their work, they employed a

Cre-dependent genetic switch (FLEx) strategy that allows Shank3

expression upon its Cre-mediated inversion, to conditionally

manipulate the endogenous gene (Schnütgen et al., 2003). By

utilizing this reversible model, they highlighted an improvement in

synaptic function upon impact of Shank3 re-expression. However,

only a few behavioral abnormalities were rescued, thus supporting

the developmental origin of the autistic-like impairments due to

SHANK3 haploinsufficiency.

A reversible approach was similarly pursued by Mielnik

et al. (2021) to explore the outcomes of counteracting N-methyl-

D-aspartate (NMDA) receptor deficiency in the adult brain.

Impaired NMDAR signaling has been coupled with various

neurodevelopmental disorders over the years, leading to conditions

such as intellectual disability, epilepsy, autism or schizophrenia.

To assess the beneficial effects of a restorative treatment, they

developed a mouse model where the loss-of-function allele of

Grin1, the gene encoding for an NMDAR subunit, was induced

via the insertion of a floxed STOP and thus restored to

physiological levels upon Cre recombination. Rescued adult mice

displayed robust improvements in cognitive functions, providing

insights into the effectiveness of restoring NMDAR activity

in adulthood.

Analogously in the context of Dravet syndrome, a severe

epileptic encephalopathy primarily caused by haploinsufficiency of

the SCN1A gene, Valassina et al. recently proposed a conditional

knock-in mouse model enabling on-demand Scn1a reactivation,

via a floxed STOP cassette removal. The authors successfully

assessed the reversibility of the epileptic phenotype after disease

onset (Valassina et al., 2022). Using this model, the same group

recently investigated the effects of reactivating gene expression

both perinatally and postnatally to define the critical window of

vulnerability of the CNS to Scn1a loss, a crucial knowledge for

future therapeutic interventions (Di Berardino et al., 2023).

To demonstrate the reversibility of X disease, a Tet-On

system has been employed to firstly induce and later suppress

gene X overexpression to evaluate the effects of the reduction of

protein levels (Figure 1G). Interestingly, while protein reduction

at a late stage (14 weeks) was not able to revert the reported

phenotypes, the recovery in juvenile mice (3 weeks) ameliorated

both motor and cognitive impairments. Gathered together this

data suggests for an early postnatal disease-modifying therapy.

These approaches, as demonstrated in an increasingly

number of neurological diseases, underscore the feasibility of

therapeutically targeting their genetic root causes. However, not

all diseases share this fortune, as demonstrated by Silva-Santos

et al. in the context of Angelman syndrome (Silva-Santos et al.,

2015). A conditional reversible mouse line, via the insertion of a
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floxed STOP cassette withinUbe3a intron 3, has revealed the scarce

efficacy of reactivatingUbe3a in adult organisms, hence confirming

the necessity of functional UBE3A at developmental stage.

Discussion

Refining experimental models is essential for obtaining

reliable results. Addressing significant biological questions, such

as disease pathogenesis, is complex and, in our opinion must

require confronting them from multiple perspectives. Tackle

smaller aspects at a time, dividing this challenging endeavor,

may return more complete answers for the questions the

scientific community has. The use of conditional mouse lines

harboring the gene of interest, and the different activating

tools we have discussed, represent a major avenue to achieve

this goal.

The precise spatiotemporal control afforded by these

inducible systems enables investigation into the dynamic

nature of biological mechanisms or pathological processes

(e.g., primary events, compensatory mechanisms etc.) and

disease progression over time. Leveraging these advanced

genetic engineering tools facilitates the design of refined and

physiologically relevant experimental conditions for studying

neurodevelopmental and neurodegenerative disorders. This

integrative “network” approach allows to uncover novel

disease mechanisms and identify potential therapeutic targets

that may not be apparent in more “classical” constitutive

germline models.

On this line, reversibility is also intriguing and holds

promise in addressing some of the limitations and challenges

associated with preclinical research. For instance, it provides a

framework for evaluating the extent of therapeutic interventions’

effectiveness more comprehensively. This resolution is

particularly valuable for understanding the trajectory of

disease development to optimize treatment. However, it’s

compulsory to acknowledge that implementing reversibility as

a control in animal models may present practical challenges

and require careful experimental design. Factors such as

the timing and duration of interventions, choice of animal

models and selection of appropriate outcome measures must

be correctly pondered to ensure the validity and relevance of

the findings.

Overall, these advanced technologies have enabled more

precise and nuanced investigations, overcoming many limitations

associated with traditional animal models and therefore achieving

greater fidelity to human biology and pathology. Integrating

multiple layers of control in preclinical research holds the

potential to enhance the translational significance of experimental

findings and accelerate the development of effective therapies for

human diseases.

The orthogonal approach applied to the fictitious X disease

works as scholar example of a successful “network” strategy

able to overcome the limitations of the commonly used models

and investigatory approaches. The implementation of different

systems enables to address the same biological question from

three different perspectives: space, time and reversibility. It

allows to firstly define the temporal susceptibility of excitatory

neurons to protein X accumulation, opening to the prospect of a

therapeutic intervention aiming at decreasing protein levels early

after birth.

Continued advancements in technology and interdisciplinary

collaborations will be essential in unlocking the full

potential of these approaches and addressing the intricate

complexities of biological mechanisms at the basis of

human diseases.
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Spinocerebellar ataxia is a phenotypically and genetically heterogeneous group 
of autosomal dominant-inherited degenerative disorders. The gene mutation 
spectrum includes dynamic expansions, point mutations, duplications, insertions, 
and deletions of varying lengths. Dynamic expansion is the most common form 
of mutation. Mutations often result in indistinguishable clinical phenotypes, thus 
requiring validation using multiple genetic testing techniques. Depending on the 
type of mutation, the pathogenesis may involve proteotoxicity, RNA toxicity, or 
protein loss-of-function. All of which may disrupt a range of cellular processes, 
such as impaired protein quality control pathways, ion channel dysfunction, 
mitochondrial dysfunction, transcriptional dysregulation, DNA damage, loss of 
nuclear integrity, and ultimately, impairment of neuronal function and integrity 
which causes diseases. Many disease-modifying therapies, such as gene 
editing technology, RNA interference, antisense oligonucleotides, stem cell 
technology, and pharmacological therapies are currently under clinical trials. 
However, the development of curative approaches for genetic diseases remains 
a global challenge, beset by technical, ethical, and other challenges. Therefore, 
the study of the pathogenesis of spinocerebellar ataxia is of great importance 
for the sustained development of disease-modifying molecular therapies.

KEYWORDS

spinocerebellar ataxias, gene therapy, disease-modifying molecular therapies, 
neurodegenerative disorders, RNA interference, polyQ diseases

1 Introduction

Hereditary cerebellar ataxia encompasses a highly heterogeneous group of 
neurodegenerative disorders that are major causes of cerebellar ataxia, with modes of 
inheritance involving autosomal dominant, autosomal recessive, X-linked, or mitochondrial 
inheritance. Autosomal dominant cerebellar ataxia, also known as spinocerebellar ataxia 
(SCA), involves a wide variety of causative genes and mutation types, and in most cases lacks 
a clear genotype–phenotype correlation, which makes it difficult to reliably differentiate 
between the SCA subtypes by the clinical phenotype. Therefore, genetic testing is the primary 
diagnostic tool for this condition. There have been tremendous advances in this field owing 
to the emergence and application of genetic testing technologies, and the list of genes 
associated with SCA has been continuously expanding in recent years (Chen et al., 2015). The 

OPEN ACCESS

EDITED BY

Nicola Simola,  
University of Cagliari, Italy

REVIEWED BY

Susan L. Perlman,  
Ronald Reagan UCLA Medical Center,  
United States
Bikash Choudhary,  
University of California, Riverside, 
United States

*CORRESPONDENCE

Peng Yu  
 ypeng@jlu.edu.cn  

Ming Dong  
 dongge@jlu.edu.cn

RECEIVED 24 April 2024
ACCEPTED 08 May 2024
PUBLISHED 04 June 2024

CITATION

Cui Z-T, Mao Z-T, Yang R, Li J-J, Jia S-S, 
Zhao J-L, Zhong F-T, Yu P and Dong M (2024) 
Spinocerebellar ataxias: from pathogenesis to 
recent therapeutic advances.
Front. Neurosci. 18:1422442.
doi: 10.3389/fnins.2024.1422442

COPYRIGHT

© 2024 Cui, Mao, Yang, Li, Jia, Zhao, Zhong, 
Yu and Dong. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Review
PUBLISHED 04 June 2024
DOI 10.3389/fnins.2024.1422442

39

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2024.1422442&domain=pdf&date_stamp=2024-06-04
https://www.frontiersin.org/articles/10.3389/fnins.2024.1422442/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1422442/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1422442/full
mailto:ypeng@jlu.edu.cn
mailto:dongge@jlu.edu.cn
https://doi.org/10.3389/fnins.2024.1422442
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2024.1422442


Cui et al. 10.3389/fnins.2024.1422442

Frontiers in Neuroscience 02 frontiersin.org

clinical features of SCAs overlap with each other, and their core 
symptoms typically consist of gait instability, ataxia, nystagmus, and 
dysarthria. Some SCAs present as pure cerebellar syndromes, whereas 
the majority are frequently accompanied by nonataxic symptoms. The 
treatment approaches for SCAs are currently limited to symptomatic 
therapy. Owing to the commonalities in pathogenesis, developmental 
strategies for disease-modifying therapies applicable to multiple 
subtypes have been proposed. However, there are different causative 
proteins of each SCA subtype, and the search for broadly applicable 
therapeutic approaches should be accompanied by continued research 
into the pathogenesis and treatment of each disease. The purpose of 
this review was to broaden our understanding of the status of SCA 
research by presenting common clinical entities, describing their 
pathogenesis, and discussing the current and future 
therapeutic perspectives.

2 Pathogenic mechanisms

Based on the genetic nomenclature, the 50 identified SCAs are 
numbered in accordance with the order of discovery of their genetic 
locus. Moreover, SCAs are categorized into two groups according to 
their underlying mutation type into repeat expansions and point 
mutations. The former can be further categorized into SCAs induced 
by polyglutamine (polyQ)-encoding CAG repeat expansions and 
noncoding repeat expansions, owing to the different pathogeneses of 
the diseases. Among the SCAs induced by repeat expansion, six were 
due to the expanded CAG repeats encoding polyQ in their respective 
genes, which is the most common type. Since other neurodegenerative 
diseases, such as Huntington’s disease (HD) and dentatorubral-
pallidoluysian atrophy (DRPLA), share the same mechanism, they are 
collectively referred to as polyQ diseases (Durr, 2010). Some expanded 
repeats that cause SCAs are translated into different frames by a 
mechanism independent of the start codon (AUG) called repeat-
associated non-AUG translation (RAN). This mechanism may also act 
on the antisense transcripts of the opposite strand. For example, in 
SCA8, noncoding CTG repeat expansion is transcribed from the 3′ 
untranslated region (3’UTR) of the ATXN8OS gene. Another gene, 
ATXN8, on the opposite strand, can generate an antisense transcript, 
and its CAG repeats can produce polyQ-containing proteins through 
RAN translation. Expanded CAG repeats in SCA12 occur in the 5′ 
untranslated region (5’UTR) of the PPP2R2B gene. Additionally, 
SCA10, SCA31, SCA36, and SCA37 are caused by expanded repeats 
in the intronic region. A heterozygous point mutation in FGF14 is the 
underlying cause of SCA27A. Recently, heterozygous GAA repeat 
expansion in intron 1 of FGF14 was reported to contribute to late-
onset ataxia, referred to as SCA27B (Figure 1 and Table 1) (Coarelli 
et al., 2023a). Most SCAs caused by point mutations are results of 
missense mutations, whereas a small proportion are caused by 
deletions, translocations, or duplications of small DNA fragments 
(Table 2) (Ashizawa et al., 2018).

2.1 The polyQ SCAs

The primary pathogenic mechanism of polyQ SCAs are the 
toxic effects of the proteins encoded by mutant genes containing 
expanded CAG repeats, and to a lesser extent, the possible toxic 

effects of RNA transcripts from mutant genes (Coarelli et al., 2018). 
Mutated genes can also generate antisense transcripts containing 
complementary RNA repeat expansions from opposite DNA 
strands, and bidirectional expression of such expanded repeats 
occurs in SCA2, SCA7, and SCA8 (Ikeda et al., 2008; Sopher et al., 
2011; Li et al., 2016). Furthermore, the disruption of natural protein 
function is correlated with toxic gain-of-function of aberrant 
polyQ. Altered proteins tend to form abnormal conformations that 
alter the way they bind to normal molecular chaperones and readily 
oligomerize and form intraneuronal oligomers and intranuclear 
inclusions. These aggregates may be directly toxic or produce toxic 
effects by sequestering proteins or cellular components, such as 
transcription factors, molecular chaperones, and components of the 
cellular clearance machinery, thereby triggering aberrant 
pathological processes leading to neuronal damage, such as 
impaired protein quality control (PQC) pathways, protein hydrolytic 
cleavage, transcriptional and post-translational dysregulation, 
aberrant protein interactions, ion channel dysfunction, impaired 
DNA repair, and mitochondrial dysfunction (Figure 2) (Paulson 
et al., 2017).

The PQC pathways include a ubiquitin-proteasome system, 
molecular chaperones, and autophagy, and the different components 
are tightly linked and interact with each other to maintain protein 
homeostasis and degrade misfolded proteins. Autophagy is involved 
in the degradation of damaged organelles or toxic protein aggregates, 
and there is growing evidence suggesting that impaired autophagy is 
associated with many neurodegenerative diseases such as SCA2, 
SCA3, Parkinson’s disease, Alzheimer’s disease, and HD (Menzies 
et al., 2017). The levels of the autophagy marker proteins SQSTM1 and 
LC3B were altered in SCA2 neuronal cells and lentiviral mouse 
models, and abnormal accumulation of SQSTM1 and LC3B was 
observed in the cerebellum and striatum of patients with SCA2, 
indicating that impaired autophagy may play an important role in the 
pathogenesis of SCA2 (Marcelo et  al., 2021). ATXN3 is directly 
involved in PQC as a deubiquitinating enzyme, and PQC perturbation 
in SCA3 may result from a combination of accumulation of mutant 
ATXN3 aggregates, sequestration of the ubiquitin-proteasome system 
and autophagy regulators, and destabilization of Beclin1, a key protein 
of the autophagy pathway (McLoughlin et al., 2020). Almost all polyQ 
SCAs exhibit extensive mislocalization and aggregation of pathogenic 
proteins; therefore, the entire type may be associated with disturbed 
protein homeostasis.

It has been hypothesized that the cleavage of mutant polyQ 
proteins by proteolytic enzymes may produce more toxic short protein 
fragments, that are associated with the subsequent induction of 
aggregate formation. These fragments may translocate to the nucleus 
and interfere with transcription. Findings from several polyQ disease 
models, such as SCA3, SCA6, SCA7, and HD, provide evidence for 
this hypothesis (Buijsen et al., 2019). ATXN3 has multiple proteolytic 
sites. A study using L-glutamate to excite induced pluripotent stem cell 
(iPSC)-derived neurons from patients with SCA3 reported that the 
excitation initiated an inward flow of Ca2+, induced intraneuronal 
cleavage of ATXN3, and led to the formation of insoluble aggregates. 
The insoluble substances could completely disappear after treatment 
with a calpain inhibitor, elucidating the critical role of calpain-
mediated ATXN3 cleavage in the formation of aggregates (Koch et al., 
2011). Therefore, the reduction of mutant protein aggregation may 
be achieved by inhibiting proteolytic cleavage, such as proteolytic 
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enzyme inhibitors or gene therapy-based removal of protein regions 
containing proteolytic cleavage sites associated with toxic fragments.

2.2 SCAs caused by noncoding repeat 
expansions

In general, SCA10, SCA31, SCA36, and SCA37 are caused by 
pentanucleotide or hexanucleotide expansions within nonprotein-
coding introns, resulting in the accumulation of toxic nonprotein-
coding RNAs containing large expanded repeats in the intranuclear 

RNA foci. These foci sequester key RNA-binding proteins that 
perturb RNA-dependent RNA homeostasis, which may lead to 
cytotoxicity (Figure 2) (Zhang and Ashizawa, 2017). For example, 
RNA foci formed by the accumulation of AUUCU expansion in 
SCA10 can sequester heterogeneous cytosolic ribonucleoprotein K 
and impair its function, and its down-regulation can induce 
translocation and accumulation of protein kinase Cδ in the 
mitochondria, which subsequently triggers the caspase-3-mediated 
apoptotic pathway (Kurosaki and Ashizawa, 2022). Repeated ATTTC 
expansion of the DAB1 gene leads to overexpression of DAB1 and 
induces an RNA switch, causing upregulation of the reelin-DAB1 and 

FIGURE 1

Spinocerebellar ataxias caused by expanded repeats. 3’UTR, 3′ untranslated region; 5’UTR, 5′ untranslated region; SCA, spinocerebellar ataxia. 
Reproduced from Ashizawa et al. (2018) with permission from Springer Nature.

TABLE 1 Spinocerebellar ataxias caused by repeat expansions.

Disease Gene and 
protein (repeat 
location)

Repeats, principal repeat unit Notable 
characteristic clinical 
signsNormal Intermediate Disease

SCAs caused by polyglutamine-coding CAG repeat expansions

SCA1 ATXN1 6–39 40 41–83 Hypermetric saccades, 

pyramidal signs

SCA2 ATXN2 <31 31–33 34–200 Slow saccades, areflexia

SCA3 ATXN3 12–44 45–55 56–86 Bulged eyes, motor neuron 

signs

SCA6 CACNA1A <18 19 20–33 Downbeat nystagmus

SCA7 ATXN7 4–19 28–33 34- > 460 Visual loss

SCA17 TBP 25–40 - 41–66 Huntington disease-like

SCAs caused by noncoding repeat expansions

SCA8 OSATXN8 (3’UTR) 15–34, CTG or CAG 34–89, CTG or CAG 89–250, CTG or CAG Reduced penetrance

SCA10 ATXN10 (intron) 8–32 ATTCT 33–799 ATTCT 800–4,500, ATTCT Some families with epilepsy

SCA12 PPP2R2B (5’UTR) 7–28, CAG 29–66, CAG 67–78, CAG Tremor

SCA27B* FGF14 (intron) Unknown Unknown 250–300 or > 300, GAA Late-onset episodic ataxia

SCA31 BEAN (intron) <400, ATTTT Unknown 500–760, TGGAA Pure cerebellar ataxia

SCA36 NOP56 (intron) 3–14, GGCCTG Unknown 650–2,500 Motor neuron disease

SCA37 DAB1 (5’UTR; intron) <400, ATTTT Unknown 31–75, ATTTC Pure cerebellar ataxia

SCA, spinocerebellar ataxia.
SCA27B*: Repeats between 250 and 300 were pathogenic but showed incomplete penetrance, while repeats >300 showed complete penetrance.
Data were extracted from OMIM and GeneReviews of corresponding SCAs. 
Reproduced from Ashizawa et al. (2018) with permission from Springer Nature.
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PI3K/AKT signaling pathways in the cerebellum of patients with 
SCA37, leading to cerebellar neuronal degeneration (Corral-Juan 
et al., 2018).

Bidirectional expression and RAN translation potentially cause 
the dual pathogenesis of SCA8, with RAN translation products 
accumulating in cells as toxic aggregates that disrupt the function of 
nuclear pores and integrity of membrane-free organelles (Figure 2). 
However, the degree of pathogenicity of RAN translation in relation 
to the toxic RNA transcripts produced by bidirectional expression 
remains to be investigated (Lee et al., 2017). In SCA12, expanded CAG 
repeats in the 5’UTR of PPP2R2B have been hypothesized to cause the 
disease by misregulating the host gene expression through alteration 
of promoter activity, splicing, and transcript stability. In a recent study, 
bidirectional expression of repeat sequences, toxic foci of antisense 
transcripts, and RAN translation were observed in SCA12-iPSCs, 

iPSC-derived NGN2 neurons, and mouse brains. Therefore, SCA12 
may be involved in a pathogenic mechanism similar to that of SCA8 
(Cohen and Margolis, 2016; Zhou et al., 2023). SCA27B iPSC-derived 
motoneurons and cerebellar autopsy specimens of patients with 
SCA27B showed reduced expression of FGF14 RNA and protein; thus, 
the causative factor was considered to be a loss of protein function due 
to transcriptional interference; however, the mechanism leading to 
FGF14 transcriptional defects still requires further investigation 
(Rafehi et al., 2023).

2.3 SCAs caused by point mutations

The application of NGS in the diagnosis of genetic ataxia has led 
to a rapidly increasing number of genetic variations, including 

TABLE 2 Spinocerebellar ataxias caused by point mutations.

Disease
Gene and 
protein

Mutation Notable characteristic clinical signs

SCA5 SPTBN2 Missense, in-frame deletion Downbeat nystagmus and some patients with spasticity, anticipation

SCA11 TTBK2 Frameshift Some patients with pyramidal signs

SCA13 KCNC3 Missense Variable between families

SCA14 PRKCG Missense or exon deletions Tremor or myoclonus, facial myokymia

SCA15 and SCA16 ITPR1 Exon deletions Pure cerebellar ataxia with tremor

SCA18 IFRD1 Missense Sensorimotor neuropathy

SCA19 and SCA22 KCND3 Missense or in-frame deletions Extracerebellar features variable between families

SCA20 Multiple 260 kb duplication Pure cerebellar ataxia with spasmodic dysphonia, palatal tremor

SCA21 TMEM240 Missense Cognitive impairment, extrapyramidal signs

SCA23 PDYN Missense Extracerebellar features variable between families

SCA25 PNPT1 Splice site Sensory neuropathy

SCA26 EEF2 Missense Pure cerebellar ataxia

SCA27A FGF14 Missense or frameshift Mental retardation, tremor

SCA28 AFG3L2 Missense or frameshift Spastic ataxia

SCA29 ITPR1 Missense Pure cerebellar ataxia, congenital nonprogressive

SCA34 ELOVL4 Missense Hyperkeratosis, MSA-C like

SCA35 TGM6 Missense or in-frame deletions Hyperreflexia and variable other extracerebellar features

SCA38 ELOVL5 Missense Pure cerebellar ataxia, some patients have sensory neuropathy

SCA40 CCDC88C Missense Spastic ataxia

SCA41 TRPC3 Missense Pure cerebellar ataxia

SCA42 CACNA1G Missense Dementia

SCA43 MME Missense Peripheral neuropathy

SCA44 GRM1 Missense or frameshift Spasticity

SCA45 FAT2 Missense Pure cerebellar ataxia (single family)

SCA46 PLD3 Missense Sensory neuropathy

SCA47 PUM1 Missense Pure cerebellar ataxia in adults. Juvenile forms have developmental complex phenotype

SCA48 STUB1 Missense or frameshift Cerebellar ataxia or cognitive/affective disorder

SCA49 SAMD9L Missense Cerebellar ataxia, cytopenia and myeloid malignancies

SCA50 NPTX1 Missense Downbeat nystagmus, myoclonus, cognitive impairment

MSA-C, Multiple system atrophy-cerebellar type; SCA, spinocerebellar ataxia.
Data were extracted from OMIM and GeneReviews of corresponding SCAs. 
Reproduced from Ashizawa et al. (2018) with permission from Springer Nature.
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disease-causing mutations and variations of unknown significance 
(VUS). Most known disease-causing mutations are missense 
mutations, and the pathogenic mechanism may involve a toxic gain-
of-function of mutant proteins or a dominant negative effect 
(Klockgether et al., 2019). For example, SCA35 is caused by mutations 
in the TGM6 gene encoding TG6, which causes neuronal dysfunction 
and death, including reduced distribution of mutant proteins in the 
nucleus compared to the baseline levels, loss of enzyme activity, and 
abnormal accumulation of mutants in the perinuclear region, with 
reduced solubility and ease of aggregation, leading to the acquisition 
of toxicity (Tripathy et  al., 2017). In addition, haploinsufficiency 
caused by loss-of-function mutations in genes may also cause SCAs 
such as SCA15/16, SCA27, and SCA47 (Iwaki et al., 2008; Misceo 
et al., 2009; Gennarino et al., 2018).

2.4 Possible downstream mechanisms

2.4.1 Impaired ion channels
Evidence suggests that impaired ion channels in the cerebellar 

circuitry result in abnormalities in Purkinje cell firing and alterations 
in the signaling pathways, contributing to neuronal dysfunction. Two 
pathways can cause ion channel dysfunction; first, mutations in genes 
encoding the ion channels themselves, such as SCA6, SCA13, SCA19/

SCA22, SCA15/SCA16, SCA29, SCA41, SCA42, and SCA44; and 
second, mutations in genes encoding proteins that regulate the activity 
of ion channels, which indirectly cause changes in channel function 
or expression, mainly polyQ SCAs (Bushart and Shakkottai, 2019).

2.4.2 Mitochondrial dysfunction and impaired 
mitophagy

Any neurodegenerative disease may involve mitochondrial 
dysfunction in a common pathway, and SCAs disease proteins may 
directly or indirectly impair mitochondrial function, resulting in 
increased oxidative stress and impaired bioenergetics. SCA28 is 
caused by a missense mutation in AFG3L2, which encodes a key 
component of the mitochondrial m-AAA protease, and a study found 
that fibroblasts from mutant mice exhibited impaired mitochondrial 
bioenergetics, reduced mitochondrial membrane potential, and 
altered mitochondrial network connectivity and morphology, 
proposing that the slow accumulation of toxic mitochondrial proteins 
is a pathogenic trigger event (Mancini et  al., 2019). One study 
observed increased mitochondrial oxidative stress, altered 
mitochondrial respiratory chain enzymes, and mitochondrial 
morphology in fibroblasts from a patient with SCA2 who had not yet 
demonstrated clinical symptoms, and another study reported that 
individuals carrying mutant ATXN3 had a significant loss of 
mitochondrial DNA content in the preclinical phase. These findings 

FIGURE 2

Possible pathogenic mechanisms of spinocerebellar ataxias. Solid arrows indicate possible mechanisms for polyQ SCAs and dashed arrows indicate 
possible mechanisms for SCAs caused by noncoding repeat expansions. RAN, non-AUG translation; RBP, RNA-binding protein; PQC, protein quality 
control; PTM, post-translational modifier; TF, transcription factor.
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suggest that mitochondrial dysfunction may precede the disease onset 
(Cornelius et al., 2017; Raposo et al., 2019).

In order to maintain an intact mitochondrial network and thus 
adequate cellular homeostasis, dysfunctional mitochondria can 
be selectively removed by the mitophagy process. In neurons, when 
damaged mitochondria cannot be removed by mitophagy, reactive 
oxygen species, nitrogen oxides, and other oxidizing substances are 
produced, which can cause a variety of neurodegenerative diseases, 
such as Alzheimer’s disease, Parkinson’s disease, and HD (Okatsu 
et al., 2013). The pathogenic mechanisms of SCA3 and SCA6 have 
recently been reported to also involve impaired mitophagy, with 
fibroblasts from SCA3 patients exhibiting altered mitochondrial 
morphology, impaired bioenergetics, and dysregulation of Parkin-
VDAC1-mediated mitophagy processes, and the accumulation of 
mitochondrial structural damage in SCA6 Purkinje cells has been 
proposed to may be partially related to impaired mitophagy during 
late stages of the disease (Wiatr et al., 2021; Harmuth et al., 2022; 
Leung et al., 2024). The mechanisms of mitophagy discovered so far 
are classified into ubiquitin-dependent and ubiquitin-independent 
pathways, and PINK1 and Parkin are key proteins with interactions in 
the ubiquitin-dependent pathway. PINK1 is a serine/threonine kinase 
located in depolarized mitochondria, in depolarized, damaged 
mitochondria, autophosphorylated PINK1 accumulates in the outer 
mitochondrial membrane and recruits Parkin located in the cytoplasm 
(Lu et al., 2023). One known substrate of ataxin-3 is Parkin, which acts 
as an E3 ubiquitin-protein ligase that ubiquitinates mitochondrial 
outer membrane proteins, thereby recruiting autophagy proteins to 
induce mitochondrial degradation. A recent report proposed that in 
SCA3 disease, mutant ATXN3 is associated with an aberrant loss of 
Parkin, leading to a reduction in VDAC1 polyubiquitination, which 
impedes mitophagy and initiates the apoptotic pathway through 
multiple programs, and ultimately an apoptotic process that leads to 
cell death and neurodegeneration (Harmuth et al., 2022). Further 
studies are needed in the future to validate the role of mutant 
ATXN3 in causing dysregulation of the PINK1/Parkin pathway, to 
provide a theoretical basis for expanding the understanding of the 
pathogenesis of SCA3, discovering new therapeutic targets, and 
designing therapeutic approaches targeting the mitophagy process. 
Thus, the use of modulators of PINK1/Parkin pathway activity may 
be able to promote the onset of mitophagy and improve mitochondrial 
quality control. Previous studies have identified a number of 
pharmacological molecules with such effects, such as triphosphate 
kinetin, which has a higher affinity for PINK1 than the natural 
substrate ATP, and whose application to cells may promote Parkin 
recruitment levels in depolarized mitochondria by enhancing PINK1 
activity. There are also studies focusing on Parkin, the tumor 
suppressor p53 may inhibit mitophagy by preventing its translocation 
to mitochondria through direct interaction with Parkin, and p53 
inhibitor may improve mitophagy through a feedback loop between 
Parkin and p53 (Zhang et  al., 2011; Osgerby et  al., 2017; Zhang 
et al., 2020).

2.4.3 Transcriptional dysregulation
The pathogenesis of SCAs may involve multiple molecular 

mechanisms that lead to transcriptional dysregulation, such as 
protein-DNA interactions, acetylation, phosphorylation, and RNA 
interference. ATXN1 is a transcriptional cofactor that interacts with 
transcriptional regulators, RNA splicing factors, and some nuclear 

receptors during gene expression, and SCA1 pathogenesis is associated 
with altered interactions between ATXN1 and other proteins 
(Srinivasan and Shakkottai, 2019). Expanded ATXN1 facilitates the 
formation of transcriptional repressor complexes by binding to 
homologs of the transcriptional repressor protein capicua. Studies on 
mouse models and iPSCs from patients with SCA1 have shown that 
the ATXN1-capicua complex drives cerebellar toxicity through a gain-
of-function mechanism (Rousseaux et al., 2018). The PolyQ expansion 
in SCA17 occurs within the transcription factor TATA box-binding 
protein (TBP), and impaired transcriptional activity caused by 
mutating TBP may be  the main form of toxicity that leads to the 
pathogenesis of SCA17 (Yang et al., 2016). Furthermore, SCA47 is 
caused by mutations in the PUM1 gene which belongs to a family of 
RNA-binding proteins that regulate mRNA stability and inhibit 
translation. Experiments on patient fibroblasts showed that PUM1 
missense mutations reduced PUM1 protein levels to varying degrees, 
whereas the levels of PUM1 targets, including ATXN1 and E2F3, were 
increased. PUM1-deficient mouse models exhibited progressive 
Purkinje cell degeneration and loss of dendritic arborization, 
producing a phenotype similar to that of SCA1 mice (Gennarino et al., 
2015, 2018). ATXN7 is a component of the SAGA histone 
acetyltransferase complex and polyQ expansion disrupts its structural 
integrity, leading to transcriptional dysregulation, abnormal 
chromatin acetylation, and altered gene expression (McCullough and 
Grant, 2010).

2.4.4 Other possible mechanisms
DNA damage and impaired DNA repair pathways may also 

be involved in the pathogenesis of SCAs. Wild-type ATXN3 and its 
interacting proteins play a role in DNA repair factor recruitment, cell 
cycle arrest, DNA repair, and accumulation of DNA damage in the 
SCA3 animal model (Chatterjee et al., 2015; McLoughlin et al., 2020). 
Mutant PolyQ SCA proteins are frequently concentrated in the 
nucleus and can form intranuclear inclusions, indicating disruption 
of transmembrane transport and loss of nuclear integrity. Each SCA 
subtype may have different downstream consequences owing to 
differences in the structure, function, and location of normal 
protein expression.

3 Treatments

Currently, the clinical intervention for patients with SCAs 
primarily focuses on symptomatic alleviation and functional 
maintenance because of the absence of effective etiologic treatments, 
as no medications have been authorized for routine use (Braga Neto 
et  al., 2016). Research on the pathogenesis of SCAs has provided 
promising therapeutic targets for disease-modifying therapies. This 
group of diseases may require common therapeutic strategies as well 
as individualized treatments for the genetic causes of specific SCAs. 
Since most SCAs are caused by the dominant action of mutant genes, 
silencing or reducing the expression of the corresponding genes, 
transcripts, or proteins they encode is a compelling therapeutic 
strategy. Current therapeutic approaches include gene therapies to 
reduce toxic gene products, the use of pharmacological molecules to 
target the affected downstream pathways, and non-pharmacological 
therapies (Keiser et  al., 2016). This review focuses on the latest 
breakthroughs, challenges, and future directions in gene editing 
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technologies, RNA interference (RNAi), antisense oligonucleotides 
(ASOs), stem cell technologies, and pharmacologic treatments 
(Table 3). Each of these therapies has undergone preclinical studies; 
however, owing to technological bottlenecks, gene editing technologies 
and RNAi are still in the preclinical stage, whereas others have 
successively progressed to clinical trials. Early disease intervention is 
crucial and studies have revealed that some patients with SCAs have 
a preataxia phase that lasts for several years before the emergence of 
noticeable ataxia symptoms. During this time, neurons may still 
be able to be repaired to some extent. Therefore, it is necessary to 
conduct early preventive trials and develop sensitive biomarkers for 
patients with SCAs (Maas et al., 2015).

3.1 Gene editing strategy

Gene editing strategies targeting mutant alleles enable precise and 
permanent gene correction, which can affect all downstream 
pathways. The main gene editing platform used in the current study 
was the clustered regularly interspaced short palindromic repeats 
(CRISPR)/Cas9 system (Figure 3A) (Nouri Nojadeh et al., 2023). A 
recent study precisely corrected SCA3-iPSCs using a CRISPR/Cas9-
mediated homologous recombination strategy, and the corrected 
iPSCs differentiated normally into neural stem cells and neuronal cells 
and maintained normal electrophysiological properties. Another 
study applied the CRISPR/Cas9 approach to SCA1 fibroblasts and 
revealed that the expression of disease-related proteins was 
downregulated. These results support the CRISPR/Cas9 system as an 
effective gene modification technique (He et al., 2021; Pappadà et al., 
2022). However, editing strategies have not yet progressed to animal 
models and clinical trials, and their implementation faces numerous 
technological challenges, such as optimizing delivery to target cells 
and minimizing off-target effects.

3.2 RNA interference

Targeting mutant mRNA transcripts may be  the next best 
therapeutic alternative. Currently, there are two main oligonucleotide-
based therapeutic strategies, namely RNAi and ASOs therapies, that 
can be  applied using either non-allele-specific or allele-specific 
strategies. Non-allele-specific strategies may target both mutant and 
wild-type transcripts, resulting in unfavorable side effects by 
suppressing the expression of wild-type proteins. Allele-specific 
strategies, which typically focus on mutant alleles through single-
nucleotide polymorphisms correlated with the disease allele, are 
technically challenging but more efficient (Vázquez-Mojena et al., 
2021). A better understanding of the cellular function and gene 
regulation of SCAs proteins through studies in patients and disease 
models and the development of therapeutic approaches that have 
minimal impact on wild-type proteins or retain wild-type proteins in 
normal cellular function while specifically inhibiting mutant proteins 
will be the future direction of clinical research.

In short, RNAi is a sequence-specific post-transcriptional gene 
silencing technology activated by double-stranded RNA molecules 
homologous to target genes, which can be  mediated by three 
functionally different molecules: microRNA (miRNA), small 
interfering RNA (siRNA) and short hairpin RNA (shRNA); the 

single-stranded RNA formed after processing with Dicer nucleic acid 
endonuclease can be bound to RNA-induced silencing complexes to 
achieve the degradation or translational inhibition of target mRNA 
(Figure 3B) (Santos et al., 2023). Targeting CAG repeat expansion by 
shRNA was applied to DRPLA, SCA3, SCA7, and HD patient-derived 
fibroblasts; a reduction in the expression levels of the mutant proteins 
was reported to varying degrees without significant off-target effects 
(Kotowska-Zimmer et al., 2020). The primary mechanism of SCA1 is 
the toxic gain-of-function of mutant expansion-containing ATXN1, 
accompanied by a partial loss-of-function in the wild-type. A study 
combining artificial miRNA targeting ATXN1 and ATXN1 homolog 
ATXN1L into recombinant adeno-associated virus (AAV) vectors 
demonstrated that mice that administered the two-component AAV 
vector showed normalization of gene expression and improvement in 
motor function, with a better therapeutic effect than that in the mice 
treated with vectors expressing ATXN1L only (Carrell et al., 2022). A 
study using non-viral, stable nucleic acid-lipid particles as a vehicle, 
combined with a short peptide derived from the rabies virus 
glycoprotein and encapsulating siRNA targeting mutant ATXN3, 
effectively silenced the expression of mutant ATXN3 in SCA3 mouse 
models by intravenous administration, leading to a reduction in 
neuropathological and motor behavioral deficits; this is the first 
preclinical study examining the benefit of non-invasive systemic 
administration in polyQ diseases (Conceição et  al., 2016). 
Additionally, RNAi-based therapies have been extensively studied 
preclinically in SCAs models. This provides a theoretical basis for 
clinical trials. However, their clinical application faces problems such 
as poor in vivo stability, effectiveness of delivery systems, and 
off-target effects.

3.3 Antisense oligonucleotides

In general, ASOs are single-stranded synthetic antisense 
oligonucleotides that are complementary to specific mRNA. When 
combined with the target mRNA, they may cause various mechanisms 
for blocking gene expression, including RNase H endonuclease-
mediated mRNA cleavage, interference with splicing to achieve exon 
skipping, and interference with translation through steric blockage 
(Figure  3C) (Vázquez-Mojena et  al., 2021). Preclinical studies of 
ASOs for the treatment of SCAs have yielded promising results, 
including those on cellular or animal models of SCA1, 2, 3, 7, and 13. 
A clinical trial of intrathecal injection of non-allele-specific ASOs in 
patients with SCA3 was initiated in 2022 (NCT05160558) (Coarelli 
et al., 2023b). Moreover, ASOs are considered the most promising 
gene therapies for treating SCAs; however, they have shown 
inconsistent results in clinical studies on patients with other 
neurodegenerative diseases. Nusersen, a modified ASO, has been 
approved for intrathecal injection in pediatric and adult patients with 
spinal muscular atrophy in the United  States because of its 
effectiveness. However, three clinical trials using ASOs to treat 
patients with HD were interrupted for several reasons, such as 
worsening of the patients’ clinical rating scales, increased frequency 
of severe adverse events, and failure of reducing the mutant protein 
levels in cerebrospinal fluid. Therefore, clinical trials involving 
patients with SCA3 have received considerable attention (Hoy, 2017; 
Tabrizi et al., 2022). Intravitreal injection of ASOs targeting ATXN7 
mRNA in SCA7 mouse models showed better long-term 
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TABLE 3 Key conclusions of some spinocerebellar ataxia models.

SCAs Models Therapy
Route of 
administration

Key conclusion Ref.

SCA1 patients-derived 

fibroblasts

ATXN1-sgRNAs/Cas9 Nucleofection ATXN1 expression was significantly down-regulated with no major effects on cell viability and few off-target 

effects

Pappadà et al. (2022)

SCA3-iPSCs ATXN3-sgRNAs/Cas9 Nucleofection The corrected SCA3-iPSCs differentiated normally into neural stem cells and neurons, which could maintain 

electrophysiological properties, and the abnormal phenotype of SCA3 neurons was reversed

He et al. (2021)

DRPLA, SCA3, SCA7, 

and HD patients-derived 

fibroblasts

shRNA targeting CAG Lentiviral vectors transduction CAG-targeted shRNA reduces mutant protein levels without significant off-target effects and preferentially 

inhibits mutant Huntington protein expression

Kotowska-Zimmer et al. 

(2020)

SCA1 mouse models Human ATXN1L, artificial 

miRNA targeting ATXN1

Direct delivery of recombinant 

AAV vectors to the deep cerebellar 

nuclei

Mice treated with vectors expressing ATXN1L alone showed changes in gene expression and improved 

locomotion. Restoration of dysregulated gene expression was greater when vectors expressing both components 

were used

Carrell et al. (2022)

SCA3 mouse models siRNA targeting ATXN3 Intravenous administration of 

stable nucleic acid lipid particles

These nanoparticles successfully crossed the blood–brain barrier and reduced mutant ATXN3 levels in the 

mouse cerebellum, ameliorated motor deficits, and reduced cerebellar-related neuropathology

Conceição et al. (2016)

SCA7 mouse models ASO targeting ATXN7 ASO 

targeting CAG

Intravitreal injection Ataxin-7 ASO reduced retinal ATXN7 expression and protein aggregation, improved cone and rod 

photoreceptor function and gene expression, and rescued retinal degeneration, achieving a significant beneficial 

therapeutic response in symptomatic mice. CAG ASO transiently improves retinal disease phenotype

Niu et al. (2018)

SCA13 mouse models ASO targeting Kcnc3 Intracerebroventricular injection Kv3.3 ASO reduced Kv3.3 channel expression in mutant mice, decreased TBK1 activation, reversed the reduction 

in the level of Hax-1, and restored the ability to maintain balance on the rotating rod to the level of wild-type 

mice

Zhang et al. (2021)

SCA1 mouse models Human umbilical MSCs Transplantation into the cerebella MSCs did not differentiate into neurons or astrocytes in the cerebellum and had the effect of attenuating 

Purkinje cell loss and cerebellar atrophy, improving deterioration of motor coordination and limb muscle 

contraction, and promoting the expression of some growth-promoting factors

Tsai et al. (2019)

SCA3 mouse models Human bone marrow 

MSCs, human bone marrow 

MSCs secretome (CM)

Single transplantation of MSCs or 

injection of CM in different brain 

regions (cerebellum, striatum/ 

substantia nigra, and spinal cord)

Single CM administration to the cerebellum or basal ganglia resulted in mild but short-lasting improvements in 

motor deficits in mice, and no benefit was observed with CM administration to other brain regions or single 

MSCs transplantation

Correia et al. (2021)

SCA3 mouse models Calpain inhibitor BDA-410 Oral administration BDA-410 reduced ATXN3 levels, fragment formation, and aggregation, which served to reduce toxicity to cells, 

prevent cerebellar cell loss and striatal degeneration, mediate neuroprotection, and alleviate motor deficits

Simões et al. (2014)

SCA3 transgenic 

zebrafish models

BLD-2736, inhibitor of 

calpain-1, 2, and 9 and 

cathepsin K

Submersion in drug dissolved in 

water

BLD-2736 treatment improved the swimming behavior of SCA3 zebrafish larvae and reduced the presence of 

insoluble protein aggregates, increased the synthesis of LC3II, a key protein in autophagy, and autophagic 

activity

Robinson et al. (2021)

SCA3 mouse models Citalopram Oral administration After treatment, mice showed improved motor balance and coordination, reduced brainstem ATXN3 

intranuclear inclusions and reactive astrogliosis, and decreased facial neuron loss

Teixeira-Castro et al. (2015)

(Continued)
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TABLE 3 (Continued)

SCAs Models Therapy
Route of 
administration

Key conclusion Ref.

Fibroblast cell lines from 

patients with SCA2 or 

ALS-FTD Mouse models 

of these diseases

siRNA-STAU1, siRNA-

mTOR, and rapamycin 

Stau1 loss-of-function allele 

mice

Multiple routes In disease models, STAU1 and mTOR were overabundant, interacted with each other, and inhibited autophagic 

flux. In cell models, STAU1 was found to bind mTOR mRNA to promote its translation, and when mTOR 

activity was inhibited, STAU1 levels were reduced. Reducing Staufen1 levels in mice improved autophagy and 

reduced cell death

Paul et al. (2023)

SCA3 patient iPSC-

derived neuron cells 

models

TFEB nuclear translocation 

mediated by umbilical cord 

blood-derived MSCs

Co-culture approach MSCs with exosomal vesicles induced TFEB nuclear translocation in neuronal cells after co-culture, which may 

activate autophagy by regulating the AKT/mTOR and AMPK/mTOR signaling pathways, reduce the level and 

toxic effects of mutant proteins, and the interaction of mutant proteins with Beclin1

Han et al. (2022)

13 patients with SCA3 Trehalose (100 mg daily) Oral for 6 months At 6 months, 61% of patients had improved SARA scores, 8-min walk test scores, and quality of life scores. 

Patients with younger age of onset, shorter disease duration, and lower SARA scores had better responses to 

trehalose. Oral trehalose was well tolerated, with the main side effects being bloating and diarrhea

Noorasyikin et al. (2020)

38 patients with SCAs 

and 17 patients with 

Friedreich’s ataxia

Riluzole (50 mg, twice daily) 

or placebo

Oral for 12 months The proportion of patients with reduced SARA scores at 12 months was significantly higher in the riluzole group 

(50%) than in the placebo group (11%), and only sporadic mild adverse events were reported

Romano et al. (2015)

45 patients with SCA2 Riluzole (50 mg, twice daily) 

or placebo

Oral for 12 months SARA scores were not significantly different between the two groups, and brain MRI did not show significant 

differences in volume changes in cerebellar or brainstem regions

Coarelli et al. (2022)

SCA1 mouse models Chlorzoxazone-baclofen Oral administration The agent improves Purkinje neuron firing in a dose-responsive manner and ameliorates motor dysfunction 

originating in the cerebellum without affecting muscle strength

Bushart et al. (2021)

36 patients with SCA3 Low-dose VPA (400 mg, 

twice daily), high-dose VPA 

(600 mg, twice daily) or 

placebo

Oral for 12 weeks Motor function was significantly improved in the VPA group compared to the placebo group, with a greater 

decrease in SARA scores in the high-dose group. Common adverse reactions included dizziness and loss of 

appetite, which occurred primarily in the high-dose group

Lei et al. (2016)

29 patients with SCA2 NeuroEPO (1.0 mg daily, 

3 days per week) or placebo

Nasal administration for 6 months SCAFI and SARA scores improved in the NeuroEPO group, but a high placebo effect was observed, and only one 

secondary outcome measure, saccade latency, was significantly lower

Rodriguez-Labrada et al. 

(2022)

9 patients with SCA38 DHA (600 mg daily) Oral for 2 years Clinical symptoms of the patients were stable, SARA or ICARS scores improved, and a significant increase in 

FDG-PET cerebellar metabolism identified oral DHA as an effective treatment with no observed side effects

Manes et al. (2019)

SgRNA, small guide RNA; iPSCs, induced pluripotent stem cells; DRPLA, dentatorubral-pallidoluysian atrophy; SCA, spinocerebellar ataxia; HD, Huntington’s disease; shRNA, short hairpin RNA; miRNA, microRNA; AAV, adeno-associated virus; siRNA, small 
interfering RNA; ASO, antisense oligonucleotides; MSCs, mesenchymal stem cells; ALS-FTD, amyotrophic lateral sclerosis-frontotemporal dementia; mTOR, mechanistic target of rapamycin; TFEB, transcription factor EB; SARA, Scale for the Assessment and Rating of 
Ataxia; VPA, valproic acid; SCAFI, spinocerebellar ataxia functional index; DHA, docosahexaenoic acid; FDG-PET, 18-fluorodeoxyglucose-positron emission tomography; ICARS, International Cooperative Ataxia Rating Scale.
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improvements than those observed with the intravitreal injection of 
ASOs targeting CAG repeat expansion, such as a significant reduction 
in ATXN7 expression and aggregation, amelioration of vision loss, 
and alleviation of retinal histopathology (Niu et al., 2018). Lateral 
ventricular injection of ASOs targeting Kv3.3 channels has little effect 
on wild-type mice; however, it suppresses the mRNA and protein 
levels of the Kv3.3 channel in mouse models of SCA13 and restores 
the behavior of mutant mice to that of age-matched wild-type mice, 
suggesting that targeting Kv3.3 expression may be a viable therapeutic 
approach for treating SCA13 (Zhang et  al., 2021). The 
non-permeability of the blood–brain barrier, invasive delivery 
methods, and the requirement for multiple repeat administrations 
impede the clinical application of ASO therapies. The development of 
less invasive brain delivery methods remains challenging, with AAV 
vectors, nanoparticles, cell-penetrating peptides, or liposome-
mediated delivery being promising alternatives (Lee 
L. K. C. et al., 2021).

3.4 Stem cell therapy

Stem cell technology offers new directions for the treatment of 
neurodegenerative diseases, possibly via cell replacement or neuronal 
trophic support. Mesenchymal stem cells (MSCs), with their high 
availability and paracrine and immunosuppressive effects, are the 
most widely used cell types for studying SCAs (Figure 3D) (Correia 
et  al., 2023). Transplantation of human umbilical MSCs into the 
bilateral cerebellar cortex of SCA1 mouse models significantly 
improve motor behavior, effectively attenuate cerebellar atrophy, and 
reverse Purkinje cell death (Tsai et al., 2019). A study of single human 
bone marrow MSCs transplantation or single MSCs secretome 
administration in relevant brain regions of SCA3 mouse models 
revealed that MSCs secretome administration was more beneficial, 
especially when administered to the cerebellum and basal ganglia. 
However, the therapeutic effect was mild and transient, raising 
concerns about the replacement of MSCs by MSCs by-products, the 
efficacy and risk of repeated systemic administration, minimal 
invasiveness, and effective routes of administration (Correia et al., 
2021). There are ongoing clinical studies related to MSCs that involve 
patients with SCA1, 2, 3, and 6, which have shown varying degrees of 
improvement in symptoms and ataxia scale scores. However, a 
systematic evaluation and meta-analysis based on previous clinical 
trials showed low and statistically indistinguishable evidence 
supporting functional recovery in patients with SCAs, which could 
possibly be attributed to some limitations such as the few conducted 
clinical studies, limited sample sizes, and low-quality study designs 
(Appelt et al., 2021). Therefore, large-scale, high-quality clinical trials 
are needed to determine the long-term efficacy, tolerability, and safety 
of stem cell therapies, and explore the optimal therapeutic doses, 
frequency, and routes of administration.

3.5 Pharmacological therapy

3.5.1 Reduction of toxic protein levels
Therapies targeting downstream toxic effects should primarily aim 

at reducing toxic protein levels, including inhibiting the production of 
toxic protein fragments, reducing mutant protein aggregation, and 

inducing autophagy to stimulate protein clearance (Buijsen et  al., 
2019). One approach to inhibit the production of toxic fragments is to 
inhibit the cleavage of mutant proteins by proteolytic enzymes. One 
study found that calpain-mediated expression of ataxin-3 cleavage 
fragments may induce mitochondrial fragmentation and cristae 
alterations, leading to a significant reduction in mitochondrial 
respiratory capacity, affecting proper clearance of damaged 
mitochondria by interfering with mitophagy, and increasing 
susceptibility to apoptosis (Harmuth et al., 2018). Oral administration 
of the calpain inhibitor BDA-410 to the SCA3 mouse model reduced 
the toxic fragments of the mutant ATXN3 protein, decreased the 
number of its inclusions, and prevented cerebellar cell loss, suggesting 
that calpain inhibitors may mediate neuroprotection and inhibit 
proteolysis (Simões et al., 2014). One study tested the efficacy of a 
novel small-molecule calpain inhibitor compound, BLD-2736, in the 
SCA3 transgenic zebrafish model and found that the animals showed 
a dose-dependent improvement in motor behavior, a reduction in 
insoluble protein aggregates, and an increase in the expression of key 
proteins for autophagy (Robinson et al., 2021). In the HD mouse 
model, calpain inhibition had a protective effect, increasing 
autophagosome levels, improving motor signs, and delaying the onset 
of tremor, and prolonged calpain inhibition did not lead to any 
significant deleterious phenotypes (Menzies et al., 2015). Another 
study found that inhibition of calpains, which is prevalent in the heart 
after ischemia–reperfusion, improved mitophagy in cardiac cells 
through processes such as increased translocation of LC3B to 
mitochondria (Chen et al., 2019). Thus, these studies suggest that 
calpain inhibitors may have a dual protective effect of reducing 
cleavage of ATXN3 and stimulating mitophagy or general autophagy. 
However, for most polyQ diseases, the proteolytic enzymes responsible 
for the cleavage of their mutant proteins have not been identified, and 
the inhibition of proteolytic enzymes may affect a wider range of 
proteins beyond mutant polyQ proteins, leading to side effects. 
Therefore, the feasibility of this strategy is limited. Citalopram was 
reported to inhibit ATXN3 aggregation and neurotoxicity; when 
tested in a mouse model of SCA3, it improved motor and coordination 
functions, reduced the number of intranuclear inclusions in the 
brainstem, and rescued motor neuron loss. Moreover, it may affect the 
folding and stabilization of ATXN3, thereby inhibiting its aggregation, 
rather than removing the mutant protein. Thus, citalopram may be a 
viable option to halt the SCA3 progression. Further studies are needed 
to validate its applicability in other patients or SCA-related diseases 
(Teixeira-Castro et al., 2015).

Impaired autophagy occurs in a variety of neurodegenerative 
diseases. Therefore, the activation of autophagy may be  a viable 
approach for treating neurodegeneration, and accordingly, multiple 
pathways targeting autophagy based on genes, stem cells, and 
pharmacology have been investigated. The mechanistic target of 
rapamycin (mTOR) kinase is a key regulator of different steps in the 
autophagy process, and its activity is regulated by complex interactions 
between upstream regulators, including AMPK, PI3K/AKT pathway, 
and ERK1/2 (Lee J. H. et al., 2021). A recent study revealed that the 
stress granule protein STAU1 is overexpressed in multiple models of 
neurodegenerative diseases and may interact with mTOR, leading to 
the overactivation of mTOR and inhibition of autophagic flux. 
Normalization of mTOR activity and some autophagy marker proteins 
was shown in an siRNA-STAU1 cell model and a mouse model with 
a Stau1 loss-of-function allele, suggesting that STAU1 might be a novel 
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target for regulating autophagy (Paul et al., 2023). The transcription 
factor EB (TFEB) regulates the expression of key genes for lysosomal 
biogenesis and autophagy at the transcriptional level. The mTOR can 
phosphorylate TFEB and anchor it to the cytoplasm; whereas in the 
mTOR-inactivated state, TFEB translocates to the nucleus, thereby 
promoting transcription (Menzies et  al., 2017). A study that 
co-cultured umbilical cord blood-derived MSCs with iPSC-derived 
neurons from patients with SCA3 showed that MSCs induced TFEB 
nuclear translocation in neuronal cells, activated autophagy, and 
reduced the intracellular levels of mutant proteins by modulating the 
AKT/mTOR and AMPK/mTOR signaling pathways (Han et al., 2022). 
Trehalose is a widely used mTOR-independent autophagy inducer in 
neurodegenerative models, and clinical trials of oral trehalose have 
been conducted in patients with SCA3. Clinical symptoms showed 
improvements or were delayed in most patients; patients with younger 
age of onset, shorter disease duration, and lower Scale for the 

Assessment and Rating of Ataxia (SARA) scores displayed better 
responses to trehalose (Noorasyikin et  al., 2020). Other 
pharmacological inducers, such as lithium, temsirolimus, cordycepin, 
carbamazepine, and n-butylidenephthalide, were reported to enhance 
autophagy in preclinical studies related to SCA1, SCA2, and SCA3, 
with cellular or animal models exhibiting decreased levels of mutant 
proteins, reduced number of aggregates, and improved neuropathology 
(Paulino and Nóbrega, 2023). Autophagy is currently one of the most 
studied targets in neurodegenerative diseases. The continued 
emergence of novel autophagy-inducing approaches suggests broad 
prospects for the development of this strategy, which may be  a 
promising treatment alternative for patients with SCAs.

3.5.2 Improvement of ion channel dysfunction
Pharmacological agents potentially target impaired downstream 

mechanisms by modulating disturbances in cerebellar 

FIGURE 3

Gene therapy and stem cell therapy for spinocerebellar ataxias. (A) The CRISPR/Cas9 platform enables gene editing by guiding RNA strands to bind to 
target DNA, as shown in the figure for the knockdown of the expanded CAG repeats. (B) Three RNAi molecules mediate the process of mRNA cleavage 
and inhibition of translation outside the nucleus. (C) The ASOs inhibit gene expression through mRNA cleavage, interference with splicing, and steric 
blockage. (D) After entering different regions of the brain, MSCs or their exosomes secrete a variety of neuroprotective or neuroregulatory factors, 
which may have the effects of promoting neurogenesis processes (e.g., neuronal proliferation, differentiation, and myelination), improving 
angiogenesis, antioxidant, reducing inflammation, and inhibiting apoptosis, which is beneficial to neuronal cell survival and neurological function 
recovery. Ago2, argonaute2; ASOs, antisense oligonucleotides; CRISPR, clustered regularly interspaced short palindromic repeats; dsRNA, double-
stranded RNA; miRNA, microRNA; MSCs, mesenchymal stem cells; RISC, RNA-induced silencing complexes; RNAi, RNA interference; ROS, reactive 
oxygen species; shRNA, short hairpin RNA; siRNA, small interfering RNA; TRBP, TAR RNA binding proteins.
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electrophysiological circuits, correcting transcriptional 
dysregulation, improving mitochondrial dysfunction, and reducing 
other factors that lead to neuronal degeneration and damage. 
Riluzole is an anti-glutamatergic compound that may exert 
neuroprotective effects by inhibiting glutamatergic signaling-
induced toxicity and opening calcium-activated potassium channels 
to modulate cerebellar neuronal firing. A randomized double-blind 
controlled trial included 55 patients diagnosed with SCAs and 
Friedreich ataxia who were divided into an oral riluzole group and 
a placebo group. After 12 months, the proportion of patients with 
decreased SARA scores was significantly higher in the oral riluzole 
group than in the placebo group. Furthermore, in a systematic 
review of pharmacological agents for SCAs, riluzole received a grade 
A recommendation for the treatment of ataxia symptoms (Romano 
et al., 2015; Yap et al., 2022). However, a homogeneous clinical trial 
of riluzole for the treatment of patients with SCA2 that was 
conducted in France reported less favorable outcomes, with no 
significant improvement in the imaging changes or SARA scores of 
the patients (Coarelli et al., 2022). Thus, riluzole may have different 
effects on different clinical forms of ataxia, and its pharmacological 
effects need to be evaluated in various populations with specific 
SCAs. Chlorzoxazone and baclofen are potassium channel-activating 
compounds that may target BK channels, which are large 
conductance calcium-activated potassium channels, and their 
reduced expression has been reported in SCA1, SCA2, and SCA7 
mouse models. Reduced expression of BK and CaV3.1 ions in the 
cerebellum of SCA1 mice was also demonstrated in a recent study 
which combined the application of chlorzoxazone and baclofen with 
a resulting improvement in the physiology of Purkinje neuron and 
cerebellar motor dysfunction in mice and identification of the dose 
level to minimize cerebellar extracerebellar toxicity for potentially 
applying it to future clinical trials (Bushart et al., 2018, 2021). Given 
that changes in Purkinje neuronal excitability are present in various 
SCAs, ion channel modulators, particularly molecules with high 
target specificity, may be  attractive approaches for 
symptomatic improvement.

3.5.3 Correction of transcription dysregulation
Transcriptional dysregulation is an important pathological 

process in polyQ diseases, and elevated histone acetylation levels favor 
transcriptional activation (Xiang et al., 2018). Several cellular and 
animal models of SCAs have demonstrated that some histone 
deacetylase inhibitors, such as sodium butyrate, trichostatin A, and 
valproic acid (VPA), can rescue histone hypoacetylation and 
transcriptional defects (Buijsen et  al., 2019). A previous study 
determined the maximum tolerated single-dose VPA in patients with 
SCA3 to be 800 mg twice daily and subsequently tested the efficacy of 
long-term oral VPA in 36 patients with SCA3. After 12 weeks, patients 
in the low-dose (400 mg, twice daily) and high-dose (600 mg, twice 
daily) groups showed significant improvements in their motor 
function compared with that for the placebo group, with a more 
significant decrease in the SARA scores in the high-dose group. Based 
on the observed results, the combination of riluzole and VPA could 
potentially result in greater therapeutic efficacy (Lei et  al., 2016). 
However, further studies are needed to determine the extent to which 
transcriptional dysregulation is involved in the pathogenesis of various 
SCAs and determine whether targeting this pathway will yield the 
desired outcomes.

3.5.4 Improvement of mitochondrial dysfunction
Many experiments have suggested that erythropoietin (EPO) may 

have neurotrophic effects, and the non-hematopoietic EPO analog, 
NeuroEPO, attenuated the glutamate excitotoxicity-induced oxidative 
stress, neuronal apoptosis, and neuroinflammation by maintaining 
mitochondrial membrane integrity, upregulating Bcl-2, and inhibiting 
Bax, cytochrome C, and caspase-3 (Garzón et  al., 2018). A 
randomized, double-blind, placebo-controlled trial using the nasal 
administration of NeuroEPO in 34 patients with SCA2 was conducted 
to explore its potential efficacy. It showed a significant improvement 
in the saccade latency secondary outcome metric only. This, provides 
evidence of its feasibility for future clinical trials (Rodriguez-Labrada 
et al., 2022).

3.5.5 Other pharmacological molecules
The ELOVL5 mutation in patients with SCA38 leads to 

abnormalities and mislocalization of the encoded protein, causing 
reduced serum levels of the end-product, docosahexaenoic acid 
(DHA). A study demonstrated that the long-term oral DHA 
administration to patients with SCA38 slowed the onset and 
progression of symptoms and significantly improved cerebellar 
metabolism; accordingly, oral DHA (600 mg/day) administration is an 
effective treatment for SCA38 and it is essential to develop therapeutic 
approaches to treat specific SCA subtypes.

Rovatirelin, amantadine, buspirone, and varenicline are other 
agents that were suggested in previous studies to potentially alleviate 
symptoms in patients with SCAs. However, clinical trials investigating 
these drugs have not shown significant effects (Ghanekar et al., 2022). 
In summary, randomized controlled trials of pharmacological agents 
for the treatment of SCAs have been extensively conducted worldwide; 
however, there is no clear evidence of their potential benefits. It is 
important to note that most of these drugs are pleiotropic, such as the 
antidepressant effect of citalopram, the central muscle relaxant effect 
of chlorzoxazone-baclofen, and the anticonvulsant effect of valproic 
acid. Their possible short-and long-term side effects in patients with 
SCAs need to be  determined in further studies. In addition, the 
potential applications of these pharmacological agents need to 
be  validated in future clinical trials with adequate sample sizes, 
rigorous preclinical studies, and more comprehensive data analyses.

4 Discussion

The development of therapeutic approaches for SCAs is 
inextricably linked to studying their pathogenesis. For toxic gain-of-
function mutations, various sites of the pathogenic cascade should 
be inhibited to reduce the expression of the mutant protein, whereas 
for loss-of-function mutations, attempts should be made to restore the 
defective protein to its baseline levels. Gene therapy suggests the 
possibility of rectifying the underlying factors of SCAs. Many 
preclinical studies have reported varying degrees of the inhibition of 
target gene expression in vivo, but its clinical application still faces 
difficulties such as the development of strategies to specifically target 
the mutated genes, selection of appropriate vectors and delivery 
modalities, potential toxicity risks, and ethical challenges for patient 
application. Stem cell therapies primarily focus on replacing 
degenerated and damaged neural cells; while key issues such as the 
route of administration, dosage, source, and culture conditions still 
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need to be  addressed. Other therapeutic strategies and 
pharmacological molecules are being developed rapidly and show 
promise in improving clinical symptoms and slowing disease 
progression. Targeting autophagy is a meaningful therapeutic strategy, 
as its upregulation enhances the clearance of major pathogenic 
toxicants, may have additional protective effects, and may be beneficial 
in patients with a wide range of neurodegenerative diseases. Cerebellar 
circuit perturbations and motor dysfunctions caused by Purkinje cell 
electrophysiological dysfunction, a common feature of many SCAs, 
involve changes in a variety of ion channels; thus, approaches to target 
ion channels with higher specificity and potency should be designed 
in the future (Bushart et al., 2018). Elevated levels of oxidative stress, 
mitochondrial dysfunction, and activation of intrinsic apoptotic 
pathways play crucial roles in cell death in neurodegenerative diseases 
and provide a theoretical rationale for the use of antioxidants to 
maintain mitochondrial integrity, modulate redox status, and 
attenuate neurotoxicity (Garzón et al., 2018). It is worth noting that 
some SCAs mutant proteins may affect multiple cellular processes, and 
determining the extent to which each process is involved in the 
pathogenesis, targeting important pathways, and implementing 
combination therapies targeting multiple pathways may yield desirable 
therapeutic outcomes.

The ongoing development and application of genetic testing 
techniques, such as next-generation sequencing, long-read 
sequencing, and bioinformatics analyses have identified new mutant 
genes or new variant forms associated with SCAs. They have helped 
in improving the diagnostic accuracy of SCAs and discovering novel 
disease mechanisms. Future studies on the cellular functions of the 
causative proteins of various SCAs subtypes should be conducted to 
design novel and specific therapeutic approaches. The development of 
effective treatments for SCAs poses a significant challenge owing to 
the heterogeneity of its pathogenesis and pathological changes, the 
fact that each subtype may require specific treatment, and the 
insufficient sample size available for clinical trials of SCAs owing to its 
rare incidence. Previous therapeutic studies have favored common 
SCAs and provided some promising avenues that suggest the possible 
success of disease-modifying therapies for common SCAs. Animal 
and human trials suggest that initiating treatment in the early or 
pre-onset phase of the disease often results in better therapeutic 
outcomes, whereas in the most severe cases, it may not be  very 
effective, requiring early diagnosis and intervention. In addition, the 
selection of appropriate outcome metrics and biomarkers in clinical 
trials is essential for understanding the underlying mechanisms and 
targets involved in each treatment, monitoring disease progression in 
different SCA genotypes, and assessing treatment efficacy. Therefore, 

the development of relevant and novel biomarkers is necessary to 
refine clinical trial design; moreover, high-quality clinical trials are 
needed to assess the efficacy and safety of the various treatments 
for SCAs.
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Tauopathy is known to be  a major pathognomonic finding in important 
neurodegenerative diseases such as progressive supranuclear palsy (PSP) and 
corticobasal degeneration. However, the mechanism by which tauopathy is 
triggered remains to be elucidated. We previously identified the point mutation 
c.11596C  >  G, p.Pro3866Ala in the Bassoon gene (BSN) in a Japanese family with 
PSP-like syndrome. We showed that mutated BSN may have been involved in its 
own insolubilization and tau accumulation. Furthermore, BSN mutations have 
also been related to various neurological diseases. In order to further investigate 
the pathophysiology of BSN mutation in detail, it is essential to study it in mouse 
models. We  generated a mouse model with the mouse Bassoon p.P3882A 
mutation, which corresponds to the human BSN p.P3866A mutation, knock-in 
(KI) and we performed systematic behavioral and histological analyses. Behavioral 
analyses revealed impaired working memory in a Y-maze test at 3  months of age 
and decreased locomotor activity in the home cage at 3 and 12  months of age 
in KI mice compared to those in wild-type mice. Although no obvious structural 
abnormalities were observed at 3  months of age, immunohistochemical studies 
showed elevation of Bsn immunoreactivity in the hippocampus and neuronal 
loss without tau accumulation in the substantia nigra at 12  months of age in KI 
mice. Although our mice model did not show progressive cognitive dysfunction 
and locomotor disorder like PSP-like syndrome, dopaminergic neuronal loss 
was observed in the substantia nigra in 12-month-old KI mice. It is possible 
that BSN mutation may result in dopaminergic neuronal loss without locomotor 
symptoms due to the early disease stage. Thus, further clinical course can 
induce cognitive dysfunction and locomotor symptoms.

KEYWORDS

Bassoon, model mouse, behavioral analysis, histological analysis, progressive 
supranuclear palsy-like syndrome
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Introduction

Progressive supranuclear palsy (PSP) is a clinical syndrome 
including supranuclear palsy, postural instability, and cognitive 
decline. Neuropathologically, PSP is defined by neuronal loss in the 
basal ganglia and brainstem with widespread occurrence of 
neurofibrillary tangles (NFTs; Williams and Lees, 2009; Yoshida et al., 
2022) and accumulation of phosphorylated tau (p-tau) protein in the 
brain (Williams and Lees, 2009). For patients in whom the diagnosis 
is unclear, clinicians must continue to accurately describe the clinical 
situation in each individual instead of labeling them with inaccurate 
diagnostic categories such as atypical parkinsonism or PSP mimics 
(Williams and Lees, 2009). We  previously identified the point 
mutation c.11596C > G, p.Pro3866Ala in the Bassoon gene (BSN) in a 
Japanese family with PSP-like syndrome (Yabe et al., 2018). We are the 
first in the world to report the involvement of BSN proteins in 
neurological diseases (Yabe et al., 2018). We showed that mutated BSN 
protein may be  involved in its own insolubilization and tau 
accumulation (Yabe et al., 2018).

BSN is an active zone scaffolding protein and it has been suggested 
that BSN controls presynaptic autophagy (Okerlund et  al., 2017; 
Hoffmann-Conaway and Brockmann, 2020; Montenegro-Venegas 
et al., 2020). It was also reported that there are associations between 
BSN and protein quality control systems including autophagy 
(Okerlund et  al., 2017) and ubiquitination (Ivanova et  al., 2016). 
Montenegro-Venegas et al. reported that BSN interacts directly with 
proteasome and inhibits proteasome activity via interaction with 
PSMB4 to control its activity at presynapses (Montenegro-Venegas 
et al., 2021). Moreover, Martinez et al. reported that BSN p.P3866A 
mutation caused tau seeding and showed toxicity in both mouse and 
Drosophila models for tauopathy and that BSN downregulation 
decreased tau spreading and overall disease pathology, rescuing 
synaptic and behavioral impairments and reducing brain atrophy 
(Martinez et  al., 2022). It was shown that the degenerative eye 
phenotype was intensified in hTau-P301L flies when the BSN 
p.P3866A mutant was overexpressed (Martinez et al., 2022). Both WT 
BSN and mutant BSN p.P3866A interacted with tau in a Drosophila 
model (Martinez et al., 2022). Also, BSN overexpression in hTau-
P301L flies led to an increase in tau-seeding activity, which was even 
higher with mutant BSN p.P3866A (Martinez et  al., 2022). These 
studies suggested that BSN protein may play an important role 
in tauopathy.

The BSN protein and BSN gene were reported to be associated 
with multiple system atrophy (Hashida et  al., 1998), Parkinson’s 
disease (PD; Andrews and Kukkle, 2023), Huntington’s disease 
(Huang et  al., 2020), schizophrenia, bipolar disorder (Chen and 
Huang, 2021), multiple sclerosis (Schattling and Engler, 2019) and 
epilepsy (Ye et al., 2023). Gene burden analyses of rare, predicted 
deleterious variants provided evidence of BSN being linked to PD 
(Andrews and Kukkle, 2023). These studies have provided a 
mechanistic explanation for the recently described link between BSN 
and human diseases associated with pathological protein aggregation. 
That is why BSN may be  one of the key proteins controlling 
neurological diseases.

To observe physiological changes caused by BSN mutations, 
we generated a mouse model of PSP-like syndrome with the mouse 
Bassoon p.P3882A mutation, which corresponds to the human 
Bassoon p.P3866A mutation.

Materials and methods

Animals

C57BL6/J male and female mice and ICR female mice were 
purchased from SLC (Hamamatsu, Japan). We used ICR mice for 
generating Bassoon p.P3882A mice. C57BL6/J male and female mice 
were used for mating. All experiments and analyses were performed 
with male C57BL6/J mice. For the generation of model mice with 
genome editing, 12-week-old males and 4-week-old females were used 
as sperm and oocyte donors, respectively. ICR female mice were used 
as recipients for embryo transfer. Male mice at 3 and 12 months of age 
were used for behavioral analyses. All animals were housed under a 
12-h dark–light cycle (light from 7:00 to 19:00) at 23 ± 1°C with ad 
libitum access to food and water. All animal experiments were 
approved by the Ethics Committee for Animal Experiments of Aichi 
Institute for Developmental Research (2020-005) and Hokkaido 
University Graduate School of Medicine (22-0042) and were carried 
out in accordance with the National Institutes of Health guide for the 
care and use of laboratory animals.

Generation of Bassoon p.P3882A mice

Briefly, pronuclear stage embryos were produced using in vitro 
fertilization. Alt-R™S.p. Cas9 nuclease V3 (Cat#1081058), crRNA, 
and Alt-R®CRISPR-Cas9 tracrRNA (cat#1072532) were obtained 
from Integrated DNA Technologies Inc. (Coralville, IA, USA). crRNA 
was designed to target the Bassoon gene of C57BL6/J mice 
(5′-CCAGAGTACTCAGAGCAATCTCT-3′). Single-stranded 
oligodeoxyribonucleotides (ssODNs) consisting of 70-bps homology 
arms flanking the mutation c.11596C > G, p.Pro3866Ala and a 
modified restricted enzyme site for the Sca I site were synthetized by 
IDT (Coralville, IA, USA). The sequence was as follows: p.Pro3866Ala 
(Bold)/modified restricted enzyme site for the Sca I site (underline), 
5′-CAAAGCGCCCCAGCAGGGACGGGCTCCTCAG GCGCAGAC 
AACTCCAGGAGCTGGACCTGCAGGTGAGCTGTGCCCAGAG 
ATCTCAGAGCAATCTCTCCCTATACCACTGT-3′. Nucleases were 
introduced into pronuclear stage embryos using the modified TAKE 
method (Kaneko and Mashimo, 2015). Two-cell embryos were 
transferred into the oviducts of pseudo-pregnant ICR females that 
were mated with vasectomized males the day before embryo transfer.

Behavioral analyses

Systematic behavioral analyses were performed according to previous 
reports with a total of 44 mice (WT mice at 3 months of age: 11, WT mice 
at 12 months: 11, KI mice at 3 months: 11, KI mice at 12 months: 11; 
Yoshizaki et  al., 2008; Takagi et  al., 2015; Yoshizaki and Asai, 2020; 
Yoshizaki and Kimura, 2021). Because two of the KI mice at 12 months 
died due to a water supply problem, we used 42 mice for analysis.

Open-field test

Locomotor activity and anxiety-like behavior were assessed by 
using a square open-field apparatus (50 × 50 × 50 cm, O’Hara & Co., 
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Ltd., Tokyo, Japan) according to our previous report (Yoshizaki and 
Asai, 2020). Each mouse was placed in the center of the apparatus. The 
center zone was defined as a square 10 cm area away from the wall. The 
distance traveled and the time spent in the center zone were recorded 
for 10 min with a video imaging system (EthoVisionXT; Noldus 
Information Technology), according to previous papers.

Rotarod test

Motor coordination and learning were assessed by a rotarod test 
(single-lane apparatus, MK-630B; Muromachi, Tokyo, Japan). Each 
mouse was placed on a rotarod with a progressive acceleration setting 
from 4 to 40 rpm over a 10-min period. Five trials were performed for 
two consecutive days (3 trials on Day 1 and 2 trials on Day 2 at 
intervals of at least 1 h), and the time until falling was recorded.

Home cage activity test

Home cage activity was measured by the rotational frequency of 
a running wheel. Each mouse was placed alone in a home cage 
(180 mm in width × 225 mm in depth × 123 mm in height) with a 
running wheel (50 mm in width × 143 mm) under a 12-h light–dark 
cycle (lights on at 07:00 h) and had free access to both food and water. 
The rotational frequency of the running wheel was automatically 
recorded with a porcelain sensor (RWC-15; Melquest Ltd., Toyama, 
Japan) for 5 consecutive days starting at 13:00 on each day (CIF-4; 
Actmaster, Melquest, Ltd., Toyama, Japan).

Y-maze test

Spatial working memory and exploratory activity were assessed 
by using a Y-maze apparatus (arm length: 40 cm, arm bottom width: 
3 cm, arm upper width: 13 cm, height of wall: 15 cm, BrainSicence 
Idea, Osaka, Japan). Each mouse was placed in the center area. The 
number of entries into arms and alterations were recorded for 10 min 
with a video imaging system (EthoVisionXT; Noldus information 
Technology). Working memory was calculated as: “number of correct 
alterations” divided by “number of total arm entries.”

Novel object recognition test

Non-spatial working memory was assessed by a novel object 
recognition test in an open field apparatus (50 × 50 × 50 cm, O’Hara & 
Co., Ltd., Tokyo, Japan). The objects were made of urethane or metal 
and had two different shapes and colors: sphere (white) and cylinder 
(silver). In the first trial on the first day, two identical objects were 
presented on opposite sides of the apparatus, and the mice were 
allowed to explore the objects for 10 min. Exploration was considered 
as directing the nose at a distance of 1 cm from the object. In the 
second trial on the next day, one of the objects presented in the first 
trial was replaced with a novel object and the mice were placed in the 
box for 3 min. The time spent exploring the familiar (F) object and the 
time spent exploring the novel (N) object were automatically recorded 
with a video imaging system (EthoVisionXT; Noldus information 

Technology). A discrimination index was calculated as (N − F)/
(N + F). Care was taken to avoid place preference and olfactory stimuli 
by randomly changing the role (which object is familiar or novel) and 
positions of the two objects during the second trial and by cleaning 
them carefully with 70% alcohol.

Histopathological analysis

For immunohistochemical analysis, mice were deeply anesthetized 
with isoflurane and perfused with 4% paraformaldehyde (PFA) 
dissolved in phosphate-buffered saline (PBS). Brains were postfixed 
with the same fixative overnight and then washed with 
PBS. Histopathological analysis was carried out as reported previously 
(Tanaka et al., 2022). The cerebrum was anteriorly transected at 1 mm 
anterior to the anterior edge of the pons and sliced at 2-mm intervals 
anterior and posterior to this level. The cerebellum and brainstem 
were sectioned in a midsagittal section. After dehydration through a 
graded ethanol series, the samples were embedded in paraffin and cut 
into 4-μm-thick sections. For routine histological examination, 
sections from each case were stained with hematoxylin and 
eosin (HE).

Immunohistochemistry

Immunohistochemical analysis was carried out using the above 
paraffin-embedded sections. The sections were dehydrated and 
pretreated with heat retrieval using an autoclave for 15 min in 10 mM 
citrate buffer (pH 6.0) for primary antibodies. The sections were then 
subjected to immunohistochemical processing using the avidin–
biotin-peroxidase complex (ABC) method with a Vectastain ABC kit 
(Vector, Burlingame, CA) and diaminobenzidine (DAB; Sigma, St. 
Louis, MO). DAB exposure time was the same for each slide glass. In 
addition, the sections were counterstained with hematoxylin. We used 
primary antibodies against BSN (mouse, ab82958, Abcam, Cambridge, 
UK; 1:100), p-tau (rabbit, ab151559, Abcam; 1:2,000), synaptophysin 
(mouse, SY38, Dako, Glostrup, Denmark; 1:1,000), alpha-synuclein 
(mouse, 2A7, Novus Biologicals, Centennial, CO; 1:1,000), tyrosine 
hydroxylase (TH; mouse, TH-16, Sigma, St. Louis, MO; 1:500), TH 
(rabbit, CA-101, Protos Biotech Corporation, New York, NY; 1:200), 
ubiquitin (rabbit, Z0458, Dako; 1:1,000), p62 (mouse, 610,832, BD 
Biosciences, Franklin Lakes, NJ; 1:100), and vesicular monoamine 
transporter 2 (VMAT2) antibody (rabbit, 20,873-1-AP, Proteintech, 
Rosemont, IL, USA; 1:100). All regions of wild-type (WT) and Bsn 
knock-in (KI) mice were examined histopathologically, since BSN 
immunoreactivity was increased in the hippocampus of KI mice at the 
age of 12 months.

Semi-quantitative analysis of 
immunoreactivity for the proteins

Digital images of the caudate-putamen were captured by a digital 
camera (Provis AX-70, Olympus, Tokyo, Japan) and evaluated semi-
quantitatively in terms of gray levels with NIH Image (version 1.61). 
The data were normalized by subtracting the background. The values 
were analyzed using Student’s t-test to examine differences in 
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immunoreactivity for the proteins (BSN, p-tau, TH, synaptophysin, 
and alpha-synuclein) in the caudate-putamen between WT and 
KI mice.

Cell counts of TH-positive neurons

In each mouse, the numbers of TH-positive neurons were counted 
on both sides of the substantia nigra immunostained with TH-16. This 
primary antibody works well for both human and mouse samples. The 
entire substantia nigra was surveyed at a magnification of 200× using 
an eyepiece graticule and parallel sweeps of the microscope stage. The 
numbers were analyzed using Student’s t-test to examine the 
differences between WT and KI mice.

Statistical analysis

Data are presented as means ± standard error of the mean (SEM). 
The differences between results of behavioral analyses for wild-type 
and Bsn variant mice were determined by Student’s t-test and two-way 
ANOVA. StatPlus was used for statistical analysis and a p value less 
than 0.05 was considered to be  statistically significant. Mann–
Whitney’s U test was used for statistical comparison of 
immunostaining intensities.

Results

Generation of the mouse Bsn p.P3882A 
variant that corresponds to the human BSN 
p.P3866A

In order to examine the effect of human BSN p.P3866A on the 
pathogenesis of PSP-like syndrome, we  generated a mouse Bsn 
p.P3882A variant (corresponding to human BSN p.P3866A, 
Supplemental Figure  1A) knock-in mouse by using the TAKE 
(Technique for Animal Knockout system by Electroporation) method 
as previously described. Briefly, we  designed gRNA targeting the 
coding sequence of Bsn and ssODNs with Bsn p.P3882A mutation and 
modified restricted enzyme site for Sca I (Supplemental Figure 1B). 
Bsn variant genotyping was conducted using PCR and restriction 
enzyme with Sca I. WT alleles were digested with Sca I, while Bsn 
variant alleles were not (Supplemental Figure 1C).

Impaired locomotion and impaired spatial 
working memory in 3-month-old Bsn 
variant mice

Both the distance traveled and the time spent in the center zone 
in the OFT were comparable for 3-month-old WT mice and 
3-month-old KI mice (Figures 1A,B). Likewise, the mean latency until 
falling from the rotating rod in the RRT was not different for WT mice 
and KI mice (Figure 1C). In contrast, daily rotational frequency in the 
home cage was significantly decreased for KI mice compared with that 
for WT mice (Figures  1D,E). Intriguingly, the ratio of correct 
alterations in the YMZ test was significantly decreased for KI mice 

compared with that for WT mice (Figure 1G), although the total 
number of entries to the arm in the YMZ test was not different for KI 
mice (Figure  1F). In contrast, abilities for discrimination of the 
familiar object and novel object in the NORT were comparable for 
WT mice and KI mice (Figure 1H). These results suggest decreased 
locomotor activity in the acclimated home cage and impaired spatial 
working memory in young KI mice.

Pathological analyses of the Bsn p.P3882A 
mutation in 3-month-old mice

We examined 5 WT and 4 KI mice (Supplemental Table  1). 
HE staining of the cerebrum, cerebellum, and brainstem showed no 
structural abnormalities or neuronal loss in WT and KI mice 
(Figures 2A–D; Supplemental Figures 2A,B). Immunostaining for 
BSN (Figures  2E–H), p-tau (Figures  2I–L), synaptophysin 
(Supplemental Figures  2C,D), and alpha-synuclein 
(Supplemental Figures 2E,F) showed no obvious differences between 
WT and KI mice. No abnormal structures were found in sections 
stained with antibodies against p-tau (Figures 2I–L), ubiquitin, or 
p62. Immunostaining with a TH monoclonal antibody (TH-16) 
showed that TH immunoreactivity in the striatum of KI mice was 
stronger than that in the striatum of WT mice (Figures 2M–P), and 
significant differences were observed by Student’s t test (p < 0.01; 
Supplemental Table 1; Supplemental Figure 3C). A similar trend was 
observed in immunostaining with a TH polyclonal antibody 
(CA-101; Supplemental Figure  4), but the difference was not 
statistically significant. There was no significant difference in the 
number of TH-positive neurons in the substantia nigra between  
KI and WT mice at 3 months (Supplemental Table  1; 
Supplemental Figures 3F, 5). The immunoreactivity of VMAT2 in the 
striatum of KI mice was weaker than that of WT mice at the age of 
3 months (Supplemental Figures 9A–D).

Impaired locomotion in 12-month-old Bsn 
variant mice

We also performed systematic behavioral analyses using identical 
WT mice and KI mice at 12 months of age. WT mice and KI mice 
showed comparable total distances traveled and times spent in the 
center zone in the OFT (Figures 3A,B) and comparable mean latencies 
until falling from the rotating rod in the RRT (Figures 3C). In contrast, 
daily rotational frequency in the home cage was significantly decreased 
for KI mice compared with that for WT mice (Figures 3D,E). Working 
memory and cognitive function in the YMZ test (Figures 3F,G) and 
the NORT (Figure 3H) were not different in WT mice and KI mice. 
These results suggest decreased locomotor activity in the acclimated 
home cage in aged KI mice.

Pathological analyses of the Bsn p.P3882A 
mutation in 12-month-old mice

We examined 8 WT and 6 KI mice (Supplemental Table  2). 
HE  staining of the striatum (Figures  4A,B), hippocampus 
(Figures  4C,D), cerebellum (Supplemental Figures  6A,B), and 
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brainstem (Supplemental Figures  6C,DS1) showed no structural 
abnormalities in WT and KI mice. Immunostaining for  
p-tau (Figures  4E–H), synaptophysin, alpha-synuclein 
(Supplemental Figure 7), and TH (Figures 4I–L), showed no obvious 
differences between WT and KI mice in the cerebrum, cerebellum and 
brainstem. No abnormal structures such as neuronal or glial inclusions 
were observed (Supplemental Figure 8). BSN immunohistochemistry 
showed stronger staining in the cerebral cortex, striatum 
(Figures 4M–P), and hippocampus (Figures 4Q–T) in KI mice than 
in WT mice. Semi-quantitative analysis in the striatum  
showed significant differences (p < 0.01) in Student’s t-test 
(Supplemental Table 2; Supplemental Figure 3A). Furthermore, the 
number of TH-positive neurons in the substantia nigra of KI mice was 
significantly decreased compared to that in the substantia nigra of WT 

mice at 12 months of age (p < 0.01; Supplemental Table  2; 
Supplemental Figures 3F, 5). The immunoreactivity of VMAT2 in the 
striatum of KI mice was weaker than that of WT mice at the age of 
12 months (Supplemental Figure 9E–H).

Discussion

There are three important findings in the present study. First, 
we generated mice with Bsn p.P3882A mutation that corresponds to 
the human BSN p.P3866A. Second, at 3 months and 12 months of age, 
the HCA test showed significant differences between WT mice and KI 
mice. Third, immunostaining using a BSN monoclonal antibody 
showed stronger staining in the cerebral cortex, striatum, 

FIGURE 1

Impaired locomotion and spatial working memory in 3-month-old Bsn variant mice. (A,B) Both the distance traveled and the time spent in the center 
zone in the open-field test were comparable in 3-month-old WT mice and 3-month-old KI mice. (C) The mean latency until falling from the rotating 
rod was not different in WT mice and KI mice. (D,E) Daily rotational frequency, but not total rotational frequency, in the home cage activity test was 
significantly decreased in KI mice compared with that in WT mice. (F) The total number of entries to the arm in the Y-maze test was not different in KI 
mice. (G) Percentages of correct alterations in the Y-maze test were significantly decreased in KI mice compared with those in WT mice. (H) Abilities 
for discrimination of the familiar object and the novel object were comparable in WT mice and KI mice. WT, wild-type mice; m/m, homozygous KI 
mice; CZ, center zone.
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hippocampus in KI mice than in WT mice at 12 months of age. 
TH-positive neuronal loss was observed in the substantia nigra in KI 
mice at 12 months of age. These findings may suggest changes in 
dopaminergic innervation and BSN expression.

We previously identified the point mutation c.11596C > G, 
p.Pro3866Ala in BSN in a Japanese family with PSP-like syndrome 
(Yabe et al., 2018). Domains of the BSN p.P3866A mutation were 
reported to be conserved evolutionarily (Yabe et al., 2018). Mutated 
BSN (p.Pro3866Ala) may be involved in its own insolubilization and 
tau accumulation (Yabe et al., 2018). Our report led to a series of 
reports linking BSN and neurological diseases. Using BSN knockout 
mice, it has been shown that BSN inhibits proteasome activity 
(Montenegro-Venegas et al., 2021). It has also been reported that the 

p.Pro3866Ala mutation exacerbates tau seeding in a Drosophila 
model (Martinez et  al., 2022). These findings strongly indicate a 
notable link between the presynaptic active zone and 
neurodegenerative diseases. Alpha-synuclein and tau are important 
for the maintenance of synaptic vesicle function (Lv et  al., 2022). 
Furthermore, those reports indicate that BSN may be a key molecule 
in protein accumulation. From the above, it is important to examine 
what pathological significance the BSN mutation, which we  have 
already shown to be pathogenic in our immortalized cell lines, has in 
actual animal models. Significant differences in the results of 
behavioral analysis were observed at 3 months and 12 months of age 
and TH-positive neuronal loss was observed at 12 months of age in 
our mouse model, suggesting that this mutation plays an important 

FIGURE 2

Histopathological analyses of the Bsn p.P3882A mutation in 3-month-old mice. (A–D) HE staining in the hippocampus (A,B) and cerebellum (C,D) of 
WT mice (A,C) and KI mice (B,D). No apparent abnormality in WT and KI mice. (E–H) Immunoreactivity for bassoon in the hippocampus of WT (E,G) 
and KI mice (F,H). Higher-magnification view of the area indicated by the star in (E) and asterisk in (f) showing similar fine granular staining in the CA2-3 
region of WT (G) and KI mice (H). (I–L) Immunoreactivity for p-tau in the hippocampus of WT (I,K) and KI mice (J,L). Higher-magnification view of the 
area indicated by the star in (I) and asterisk in (J) showing similar staining patterns in the neocortex of WT (K) and KI mice (L). (M–P) Immunoreactivity 
for TH (TH-16) in the striatum of WT (M,O) and KI mice (N,P). TH immunoreactivity in the striatum of KI mice was much stronger than that in the 
striatum of WT mice. Higher-magnification view of the area (P) indicated by the asterisk in (N) of KI mice showing much stronger immunoreactivity of 
nerve cell processes than that of the area (O) indicated by the star in (M) of WT mice. WT, wild-type mice at 3  months of age; KI, Bsn knock-in mice at 
3  months of age.
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role in vivo. Working memory was impaired in Bsn p.P3882A variant 
mice at 3 months of age but not at 12 months of age. The impairment 
of working memory in KI mice at 3 months of age may be due to 
enhanced immunoreactivity of TH. Some reports have suggested that 
excessive dopamine impairs spatial working memory (Zahrt et al., 
1997; Vijayraghavan et al., 2007). Therefore, appropriate dopamine 
balance may be essential for maintenance of healthy working memory. 
In our KI mice, 3-month-old KI mice showed loss of spontaneous 
activity in the HCA test and early dopaminergic activation. These 
results indicate the possibility that 3-month-old KI mice showed 
cognitive impairment due to inappropriate dopamine regulation. 
Although decrease tendency was also observed in 12-month-old KI 
mice, the differences did not reach to significance. Since the 
TH-positive neurons significantly decrease in 12-month-old KI mice, 

it is possible that cognitive impairment may develop in further aged 
KI mice. Further study is needed.

Our KI mice showed TH-positive neuronal loss at 12-month-old, 
while elevation of TH immunoreactivity at 3-month-old. Also, 
decrease immunoreactivities of VMAT2 were observed in both 3 and 
12 months old KI mice. In humans, decrease immunoreactivity of 
VMAT2 was followed by decrease immunoreactivity of TH (Kang 
et al., 2021). Moreover, it has been reported that decrease of VMAT2 
results in neuronal loss in the substantia nigra in aged mice probably 
due to oxidative stress from increasing dopamine metabolites in 
cytosol (Caudle et al., 2007; Guillot and Miller, 2009), and therefore, 
VMAT2 plays an important role for neuroprotection in dopaminergic 
neurons. We hypothesized that BSN mutation may prevent dopamine 
packaging and releasing through dysfunction of VMAT2. TH 

FIGURE 3

Impaired locomotion and spatial working memory in 12-month-old Bsn variant mice. (A,B) Both the distance traveled and the time spent in the center 
zone in the open-field test were comparable in 12-month-old WT mice and 12-month-old KI mice. (C) The mean latency until falling from the rotating 
rod was not different in WT mice and KI mice. (D,E) Daily rotational frequency, but not total rotational frequency, in the home cage activity test was 
significantly decreased in KI mice compared with that in WT mice. (F,G) Percentages of correct alterations in the Y-maze test were not significantly 
decreased in KI mice compared with those in WT mice. (H) Abilities for discrimination of the familiar object and the novel object were comparable in 
WT mice and KI mice. WT, wild-type mice; m/m, homozygous Bsn KI mice.
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FIGURE 4

Histopathological analyses of the Bsn p.P3882A mutation in 12-month-old mice. (A–D) HE staining in the striatum (A,B) and hippocampus (C,D) of WT 
(A,C) and KI mice (B,D). No apparent abnormality in WT and KI mice. (E–H) Immunoreactivity for p-tau in the hippocampus of WT (E,G) and KI mice 
(F,H). Higher-magnification view of the area indicated by the star in (E) and asterisk in (F) showing similar staining patterns in the neocortex of WT 

(Continued)
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immunoreactivity increased possibly due to inhibition of dopamine 
releasing in 3-month-old KI mice. Accumulating the stress of 
dysfunction of packaging and releasing of dopamine may result in 
increasing neuronal toxicity and neuronal loss in 12-month-old KI 
mice. Further studies for elucidating the relationship between mutant 
BSN and VMAT2 are needed.

Elevated BSN at the protein level at 12 months of age may suggest 
that BSN proteinopathy is associated with cognitive dysfunction. In this 
study, Bsn KI mice showed TH-positive neuronal loss without tauopathy 
at 12 months of age. Also, no accumulation of alpha-synuclein was 
observed. The patient with Parkinson disease, one of the most studied 
neurodegenerative diseases with dopaminergic neuronal loss, shows 
locomotor symptoms several to two decades of years after onset (Kalia 
and Lang, 2015). Due to difficulty in diagnosis as Parkinson disease 
without locomotor symptoms, the pathological changes in the early stage 
of Parkinson disease have been unknown. This is also the case with other 
neurodegenerative diseases. Since our previous in vitro study showed 
that mutant Bsn expression induces insolubilized tau accumulation 
(Yabe et  al., 2018), it is possible that older KI mice can represent 
tauopathy. Other hypothesis is that the mechanism other than protein 
aggregation, can lead to neuronal loss. In fact, BSN mutation was also 
associated with various neurological diseases without protein 
aggregation, such as schizophrenia (Chen and Huang, 2021), multiple 
sclerosis (Schattling and Engler, 2019), and epilepsy (Ye et al., 2023). 
These reports suggest that BSN mutation may be  related to the 
vulnerability of neurons in the central nervous system. Further 
electrophysiological and biochemical analyses and longer time-course 
observation are needed to elucidate the mechanism in the future.

In conclusion, the generation of Bsn KI mice in this study can 
be considered a first step toward future important research. Although no 
structural abnormalities were observed at 3 months and 12 months of 
age, the HCA test showed slightly significant differences between WT 
mice and KI mice. Elevated Bsn at the protein level at 12 months of age 
suggests that BSN proteinopathy may be a gain of function. Unlike our 
previous report of patients with PSP-like syndrome with BSN mutation, 
our mouse model did not show tauopathy at 12-month-old, but showed 
dopaminergic neuronal loss. Since BSN mutation has been closely related 
to various neurological diseases, our model can become a useful tool for 
studying the mechanism for neurodegeneration. Therefore, we  will 
continue to conduct experiments to determine how BSN dysfunction 
causes neuronal loss. Further elucidation of the molecular and biological 
mechanisms may lead to the identification of target proteins for 
treatment of neurological diseases.

Limitations

There are two main limitations of this study. First, protein 
expression including expression of tyrosine hydroxylase, BSN and 

p-tau was evaluated only by tissue staining and not by biochemical 
evaluation. Second, behavioral and histological analyses were carried 
out only up to the age of 12 months.
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SUPPLEMENTARY FIGURE S1

Generation of the mouse Bsn p.P3882A mutation that corresponds to the 
human BSN p.P3866A. (a) Evolutionarily conserved domains of the BSN p.
P3866A mutation. (b) We generated the mouse Bsn p.P3882A mutation that 
corresponds to the human BSN p.P3866A. (c) Genotypes were determined 
by PCR using primers designed basically on the same site by Sca1. WT, wild-
type mice; KI, Bsn knock in mice.

SUPPLEMENTARY FIGURE S2

Histopathological analyses of the Bsn p.P3882A mutation in 3-month-old 
mice. (a,b) HE staining in the brainstem of WT (a) and KI mice (b). No 
apparent abnormality in WT and KI mice. (c–f) Immunoreactivity for alpha-
synuclein in the cortex and the hippocampus of WT (c) and KI mice (d). 
Immunoreactivity for synaptophysin in the cortex and the hippocampus of 
WT (e) and KI mice (f). WT, wild-type mice at 3 months of age; KI, Bsn knock-
in mice at 3 months of age. No abnormal structures were found in sections.

SUPPLEMENTARY FIGURE S3

Semi-quantitative analysis for immunoreactivity and nerve cell counts. Semi-
quantitative analysis for immunoreactivity for bassoon (BSN, a), 
phosphorylated tau (p-Tau, b), tyrosine hydroxylase (TH-16, c), synaptophysin 
(SYP, d) and alpha-synuclein (SYN, e) in the caudate-putamen and cell counts 
of TH-positive neurons in the substantia nigra (f). BSN immunoreactivity in KI 
mice was more intense than that in WT mice at 12 months of age (p <0.01) 
(a). TH immunoreactivity in KI mice was more intense than that in WT mice at 

3 months of age (p <0.01) (c). The number of TH-positive neurons in the 
substantia nigra of KI mice was significantly decreased compared to that in 
the substantia nigra of WT mice at 12 months of age (p <0.05) (f). OD, 
optical density.

SUPPLEMENTARY FIGURE S4

Immunoreactivity for TH (CA-101) in the striatum of 3-month-old mice. 
Immunoreactivity for TH (CA-101) in the striatum of WT (a,c) and KI mice (b, 
d). TH immunoreactivity in the striatum of KI mice was slightly stronger than 
that in the striatum of WT mice. Higher-magnification view of the area (d) 
indicated by the asterisk in (b) of KI mice showing slightly stronger 
immunoreactivity of nerve cell processes than that of the area (c) indicated 
by the star in (a) of WT mice. WT, wild-type mice at 3 months of age; KI, Bsn 
knock-in mice at 3 months of age.

SUPPLEMENTARY FIGURE S5

TH immunohistochemistry (TH-16) in the substantia nigra. 
Immunohistochemistry for TH in the substantia nigra of WT (a,c) and KI mice 
(b,d) at 3 and 12 months of age. TH-immunoreactive neurons in the 
substantia nigra appear to be decreased in KI mice compared to that in WT 
mice at 12 months of age.

SUPPLEMENTARY FIGURE S6

Histopathological analyses of the Bsn p.P3882A mutation in 12-month-old 
mice. (a,b) HE staining in the cerebellum of WT (a) and KI mice (b), and that 
in the brainstem of WT (c), and KI mice (d). No apparent abnormality in WT 
and KI mice.

SUPPLEMENTARY FIGURE S7

Alpha-synuclein immunoreactivity in the striatum of 3- and 12-month-old 
mice. There was no significant difference in alpha-synuclein 
immunoreactivity in the striatum between WT (a,c) and KI mice (b,d) at 3 
months of age as well as between WT (e,g) and KI mice (f,h) at 12 months of 
age. Higher-magnification view of the area (c,d,g,h) indicated by the star in 
(a,e) and asterisk in (b,f). Because immunostaining treatments of sections 
from 3- and 12-month-old mice were performed separately, differences 
between 3- and 12-month-old mice were not examined.

SUPPLEMENTARY FIGURE S8

Immunohistochemistry for BSN, p-Tau, ubiquitin and p62 in the 
hippocampus of KI mice at 12 months of age. Immunohistochemistry for 
BSN (a,b), p-Tau (c,d), ubiquitin (e,f) and p62 (g,h) in the hippocampus of KI 
mice at 12 months of age. Right panels (b,d,f,h) are higher magnification 
views of the regions indicated by asterisks in left panels (a,c,e,g). No 
pathological lesions, such as neuronal or glial inclusions, were observed.

SUPPLEMENTARY FIGURE S9

Vesicular monoamine transporter 2 (VMAT2) immunoreactivity in the striatum 
of 3- and 12-month-old mice. Immunoreactivity for VMAT2 in the striatum of 
WT (a,c) and KI mice (b,d) in the 3-month-old. VMAT2 immunoreactivity in 
the striatum of KI mice was weaker than that in the striatum of WT mice. 
Higher-magnification view of the area in 3-month-old KI mice (d) showing 
weaker immunoreactivity of nerve cell processes than that of the area in 
3-month-old WT mice (c). Immunoreactivity for VMAT2 in the striatum of 
WT (e,g) and KI mice (f,h) in the 12-month-old. VMAT2 immunoreactivity in 
the striatum of KI mice was weaker than that in the striatum of WT mice. 
Higher-magnification view of the area in 12-month-old KI mice (h) showing 
weaker immunoreactivity of nerve cell processes than that of the area in 
12-month-old WT mice (g). WT, wild-type mice at 12 months of age; KI, Bsn 
knock-in mice at 12 months of age.
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Intracerebral hemorrhage (ICH) is the second most common subtype of

stroke, characterized by high mortality and a poor prognosis. Despite various

treatment methods, there has been limited improvement in the prognosis of

ICH over the past decades. Therefore, it is imperative to identify a feasible

treatment strategy for ICH. Mitochondria are organelles present in most

eukaryotic cells and serve as the primary sites for aerobic respiration and energy

production. Under unfavorable cellular conditions, mitochondria can induce

changes in permeability through the opening of the mitochondrial permeability

transition pore (mPTP), ultimately leading to mitochondrial dysfunction and

contributing to various diseases. Recent studies have demonstrated that

mPTP plays a role in the pathological processes associated with several

neurodegenerative diseases including Parkinson’s disease, Alzheimer’s disease,

Huntington’s disease, ischemic stroke and ischemia-reperfusion injury, among

others. However, there is limited research on mPTP involvement specifically

in ICH. Therefore, this study comprehensively examines the pathological

processes associated with mPTP in terms of oxidative stress, apoptosis, necrosis,

autophagy, ferroptosis, and other related mechanisms to elucidate the potential

mechanism underlying mPTP involvement in ICH. This research aims to provide

novel insights for the treatment of secondary injury after ICH.

KEYWORDS

cerebral hemorrhage, mitochondria, mitochondrial permeability transition pore,
treatment, mechanism

1 Introduction

Spontaneous intracerebral hemorrhage (ICH), characterized by non-traumatic
parenchymal bleeding (de Oliveira Manoel et al., 2016), represents the second most
prevalent stroke subtype (Qureshi et al., 2009) and exhibits a substantial mortality
rate (Feigin et al., 2009), with 30–55% mortality within 30 days (Balami and Buchan,
2012). Survivors often face an unfavorable prognosis, frequently accompanied by diverse
neurological deficits. Despite numerous studies conducted over the past decades to
enhance secondary injury management following ICH, significant improvements in patient
outcomes have unfortunately not been achieved (Roger et al., 2011). Consequently, it is
imperative to explore novel avenues for treating secondary injury subsequent to ICH.
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Mitochondria, a double-layered membrane-coated organelle
found in the majority of eukaryotic cells, serve as the primary
site for aerobic respiration and act as the energy production
hub within cells. Mitochondrial dynamics play a crucial role in
body development, particularly in the brain (Flippo and Strack,
2017) and heart (Dorn et al., 2015), while also influencing stem
cell self-renewal and differentiation (Seo et al., 2018). Under
pathological conditions, mitochondria can induce the opening
of mPTP, leading to alterations in mitochondrial permeability
that result in mitochondrial dysfunction. This dysfunction often
initiates a cascade of cellular death processes and contributes to
various diseases. Recent studies have demonstrated that mPTP is
implicated in the pathological progression of several neurological
disorders such as Parkinson’s disease (Rasheed et al., 2017),
Alzheimer’s disease (Jia and Du, 2021), Huntington’s disease
(Quintanilla et al., 2017), ischemic stroke (Yangxin et al., 2020)
and ischemia-reperfusion injury (Norbert et al., 2016), among
others. However, there is limited research on mPTP regarding
ICH. Therefore, this article aims to review both physiological
and pathological processes associated with mPTP, elucidate its
relationship with ICH, explore potential mechanisms by which
mPTP contributes to secondary injury following ICH, and propose
new avenues for research into treating secondary injury after ICH.

2 Composition of the mPTP

Mitochondria, being crucial organelles in the body, participate
in a diverse range of cellular processes and are also exposed
to various biochemical stimuli, such as oxidative stress. Under
these adverse conditions, the permeability of the mitochondrial
inner membrane undergoes changes known as mitochondria
permeability transition (MPT). Initially believed to be caused by
alterations in the phospholipid bilayer of mitochondria, further
research has revealed that this permeability transition is triggered
by the opening of protein channels on both the inner and outer
mitochondrial membranes (Crompton et al., 1987). These protein-
based channels are referred to as mPTP. The composition of
mPTP has been a subject of controversy since its proposal in
1987. Currently, several models for mPTP have been proposed by
scholars (as shown in Table 1). Among them, major candidates for
mPTP composition include proteins like cyclophilin D (CypD),
adenine nucleotide translocase (ANT), voltage-dependent anion

Abbreviations: AdipoR1, adiponectin receptor 1; ANT, adenine nucleotide
translocase; AMPK, AMP-activated protein kinase; Apaf-1, apoptosis-
associated factor 1; A/R, anoxia/reoxygenation; BBB, blood-brain barrier;
cGAS, cyclic GMP-AMP synthetase; CSA, cyclosporin A; CypD, proteins
like cyclophilin D; DAMPs, damage-associated molecular patterns; ETC,
electron transport chain; GPX4, glutathione peroxidase 4; H2O2, hydrogen
peroxide; ICH, intracerebral hemorrhage; LC3, microtubule-associated
protein 1 light chain 3; MT1, melatonin receptor 1; MPT, mitochondria
permeability transition; mPTP, mitochondrial permeability transition pore;
mtDNA, mitochondrial DNA; NAD+, nicotinamide adenine dinucleotide;
NETs, neutrophil extracellular traps; NRF1, nuclear respiratory factor 1; OS,
oxidative stress; PGC1α, peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha; PiC, phosphate carrier; PP2A, protein phosphatase
2A; RCD, regulated cell death; ROS, reactive oxygen species; SERCA,
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase; SPG7, Paraplegin;
STING, stimulator of interferon genes; α-SYN, α-synuclein; TCA, tricarboxylic
acid; TFAM, mitochondrial transcription factor A; TSN, Tanshinone IIA; VDAC,
voltage-dependent anion channel.

channel (VDAC), mitochondrial phosphate carrier (PiC), ATP
synthase, and Paraplegin (SPG7) (as showed in Figures 1, 2).

Cyclophilin is a peptidyl-prolyl cis-trans isomerase that is
widely distributed across various species in nature. In the human
body, there are 16 cyclophilins, with CypA, CypB, and CypD
being the most extensively studied (Fischer et al., 1989; Wang and
Heitman, 2005). Unlike other cyclophilins, CypD exhibits unique
localization within the mitochondrial matrix. Initially considered
as a specific cell membrane binding protein, CypD’s activity can
be inhibited by the immunosuppressant cyclosporin A (CSA)
(Crompton et al., 1988). It has been discovered that CSA can
block the opening of mPTP by inhibiting CypD activity. This
inhibition prevents the binding of CypD to other mitochondrial
membrane proteins and consequently affects mitochondrial pore
formation. Recent studies have reported that several mitochondrial
membrane proteins including VDAC (Crompton et al., 1998),
ANT (Halestrap and Davidson, 1990), PiC (Leung and Halestrap,
2008), and ATP synthase (Bonora et al., 2013) can interact with
CypD to form mPTP. Therefore, it is evident that CypD plays a
crucial role in regulating mPT. Research has demonstrated that
loss of CypD expression can inhibit mPTP opening, reduce cell
necrosis, protect cardiomyocytes, and improve cardiac function
(Lam et al., 2015). Down-regulation of CypD expression also
mitigates neuronal damage caused by amyloid-β and oxidative
stress while reducing aging-related conditions (Lin and Beal, 2006)
as well as Alzheimer’s disease occurrence (Du et al., 2008).

ANT is a member of the mitochondrial carrier family protein,
which constitutes 10% of the total mitochondrial protein content
(Brand et al., 2005). It is synthesized in the cytoplasm and
subsequently inserted into the inner mitochondrial membrane
(Ryan et al., 1999). ANT primarily functions as a transporter for
metabolites and cofactors on the mitochondrial inner membrane,
but its main role is to facilitate ADP/ATP exchange on this
membrane (Palmieri, 2004), thereby generating charge difference
on it (Duszyński et al., 1981). Although ANT can affect mPTP
opening, its exact role in this process remains controversial. Early
studies suggested that Ca2++ could trigger conformational changes
in ANT, promote binding between ANT and CypD, and then cause
mPTP opening (Halestrap and Davidson, 1990). It has also been
proposed that under certain conditions, VDAC-CypD-ANT forms
a multiprotein complex that leads to mPTP opening (Crompton
et al., 1998). However, subsequent studies found that Ca2+-induced
mPTP opening could still occur even if activity of ANT isoforms
was inhibited. Therefore, some scholars believe that rather than
participating in composition of mPTP itself, ANT plays a regulatory
role in its opening process instead (Leung and Halestrap, 2008).

VDAC, also known as mitochondrial porin, belongs to
the eukaryotic mitochondrial porin family. It is situated in
the outer membrane of mitochondria and regulates molecular
and ion exchange between the cytoplasm and mitochondria,
thereby controlling mitochondrial metabolites (Shoshan-Barmatz
et al., 2010). VDAC plays a role in cellular energy metabolism
by regulating the transport of ATP or ADP across the inner
and outer membranes of mitochondria (Maldonado and
Lemasters, 2014). Additionally, it modulates mitochondrial
calcium uptake (Rosencrans et al., 2021) and is involved in
biological processes such as apoptosis (Mazure, 2017), autophagy
(Lemasters, 2007), and ferroptosis (Zhao et al., 2020). While
VDAC’s status as a key component of mPTP remains controversial
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TABLE 1 Several current models of mPTP.

Proteins Condition Cell culture methods References

CypD-ANT The conformational changes of ANT
triggered by Ca2+ in the matrix

Incubate the isolated rat liver and heart
mitochondria in 150 mM-KSCN or sucrose
medium

Halestrap and Davidson, 1990

VDAC-CypD-
ANT

Ca2+ and Pi, binding allow flicker into an
open pore form.

The cDNA encoding cyclophilin-D was cloned
from a rat liver library and expressed in
Escherichia coli XL1 cells.

Crompton et al., 1998

Misfolding and clustering of native
membrane proteins-Chaperone-like
proteins-CypD

Oxidative damage and other perturbations
(e.g., Ca2+)

Incubate isolated rat liver mitochondria in
sucrose medium

He and Lemasters, 2002

PiC-ANT-CypD Triggered by calcium, promoted by CypD,
regulated by the conformational state of
ANT molecules, and caused by
conformational changes in PiC

Incubate isolated rat liver and heart
mitochondria, as well as bovine heart
mitochondria, in sucrose medium

Leung et al., 2008

PiC-CypD Ca2+ Incubate isolated rat liver and heart
mitochondria, as well as bovine heart
mitochondria, in sucrose medium

Leung and Halestrap, 2008

FO ATP synthase The c subunit of the FO ATP synthase
plays a critical role in the CsA-dependent
opening of the PTPC induced by cytosolic
Ca2+ overload.

Glycolysis and respiratory cell model of
human cervical carcinoma HeLa cells

Bonora et al., 2013

Dimers of mitochondrial ATP
synthase

Membrane potential and substrate pH are
key regulatory factors for ATP synthase

Glycolysis and respiratory cell models of
mitochondria in bovine or mouse heart and
human osteosarcoma ahqb17 cells

Giorgio et al., 2013

Dimers of mitochondrial ATP
synthase-ANT-
PiC

Stress conditions Hypothesis Gutiérrez-Aguilar and Baines,
2015

SPG7-CypD-
VDAC

ROS, Ca2+ An experimental system using HEK293T and
HeLa cells was developed, in which expression
of mitochondrial proteins was silenced
individually by short hairpin RNA and
evaluated for Ca2+- and ROS-induced PTP
opening.

Shanmughapriya et al., 2015

FO ATP synthase forms a
Ca2+-dependent high-
conductance channel

Ca2+ FO ATP synthase was purified from bovine
heart mitochondria by a combination of
sucrose density gradient centrifugation and
ion-exchange chromatography employing the
mild.

Mnatsakanyan et al., 2019;
Urbani et al., 2019

(Shanmughapriya et al., 2015), its association with mPTP opening
is undeniable. Research has demonstrated that the interaction
between α-synuclein (α-SYN) and VDAC1 promotes mPTP
opening, which can lead to Cytc release and mitochondrial swelling
(Shen et al., 2014); this may be one of the pathological mechanisms
underlying certain neurodegenerative diseases.

One of the primary functions of mitochondria is to provide
energy (ATP) through oxidative phosphorylation, which
necessitates the importation of ADP and inorganic phosphate (Pi)
across the inner mitochondrial membrane (Ernster and Schatz,
1981). The transport of ADP and Pi requires the involvement of
Mitochondrial carrier proteins. Similar to ANT, PiC also belongs
to the mitochondrial carrier family protein (Gao et al., 2020),
predominantly found in cardiac and skeletal muscle tissues (Seifert
et al., 2015). Its main responsibility lies in replenishing consumed
Pi within mitochondria either through OH-exchange or proton
binding mechanisms (Stappen and Krämer, 1994). It has been
reported that PiC plays a crucial role in mPTP formation, with
changes in its conformation induced by Ca2+ leading to mPTP

opening (Seifert et al., 2016). Studies have demonstrated that
increased levels of PiC caused by a high Pi environment result
in elevated mitochondrial superoxide production and vascular
smooth muscle cell death. However, inhibition of PiC reduces
mitochondrial Pi uptake while inhibiting mitochondrial oxidative
stress and ERK1/2 activation (Thi Nguyen et al., 2023).

The mitochondrial F1FO-ATP synthetase, also known as ATP
synthase, is a large multisubunit protein complex (greater than
500 kDa) that consists of an FO domain, a peripheral stalk,
and a soluble F1 domain comprising a catalytic head and a
central stalk (Pinke et al., 2020; Spikes et al., 2020). It belongs
to the rotating ATPase family and is widely distributed in the
energy transduction membranes of bacteria, chloroplasts, and
mitochondria (Zharova et al., 2023). This enzyme facilitates the
synthesis of ATP from ADP and inorganic phosphate through the
final step of oxidative phosphorylation (or photophosphorylation),
which is a fundamental pathway for energy production in animal,
plant, and microbial cells (Trchounian and Trchounian, 2019).
While its primary function is ATP synthesis, under certain
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FIGURE 1

Distribution of several major candidate proteins of mPTP. VDAC was distributed in the outer membrane of mitochondria. ANT, PiC, SPG7 and ATP
synthase were distributed in the inner membrane of mitochondria. CypD is distributed in the mitochondrial matrix. Among them, VDAC can regulate
ATP transport and Ca2+ uptake in mitochondria. Ca2+ can trigger the conformational changes of ANT and PiC, leading to the opening of mPTP. ATP
synthase uses the electrochemical membrane gradient of protons to drive the rotation of its own subunits and catalyze ATP synthesis to provide
energy to the cell.

pathological and physiological conditions it can also hydrolyze
ATP to provide energy to the inner mitochondrial membrane.
Additionally, there have been suggestions that ATP synthase
contributes to cell death by participating in the opening of
mPTP. Under normal circumstances, ATP synthase utilizes the
electrochemical transmembrane gradient of protons to drive FO
rotation and initiate ATP synthesis at the F1 catalytic center.
However, upon mPTP opening leading to depolarization of the
mitochondrial inner membrane and loss of proton transmembrane
electrochemical gradient necessary for FO rotation initiation occurs
resulting in limited ATP synthesis ultimately leading to cell death
(Mnatsakanyan et al., 2019).

As a mitochondrial protease, SPG7 is responsible for ribosome
assembly and the elimination of misfolded proteins within
mitochondria (Koppen et al., 2007). Mutations in SPG7 result in
the misformation of the protease complex, leading to defective
protein quality control, impaired mitochondrial function, and
compromised neuronal signaling. Consequently, this gives rise to
a wide range of diseases including spastic paraplegia (Casari et al.,
1998), ataxia (Pfeffer et al., 2015), amyotrophic lateral sclerosis
(Osmanovic et al., 2020), among others. It has been suggested
that SPG7 acts as a core component of mPTP and interacts
with VDAC1 and CyPD. Knockout studies have shown that the
absence of SPG7 impairs ion efflux from mitochondria to cytoplasm
and disrupts calcium retention capacity (Shanmughapriya et al.,
2015). However, Bernardi and Forte (2015) propose that SPG7
indirectly regulates rather than serves as a core component for

mPTP opening. Recently, genetic research reported that SPG7
neither forms pores in mitochondrial permeability transition nor
regulates mPTP opening (Klutho et al., 2020). Therefore, further
investigation is required to determine the role of SPG7 in mPTP.

3 Conditions for opening the mPTP

The researchers have made a precise and bold prediction of
the mPTP model, postulating that MPTS are induced by two
distinct types of pores, each facilitating the passage of two currents:
Firstly, a low conductance state with an amplitude ranging from
0.3 to 0.7 nS, allowing for the permeation of ions (such as
protons, Ca2+, and K+) and small metabolites (e.g., glutathione)
across the inner mitochondrial membrane under physiological
conditions. Secondly, a high conductance state with an amplitude
of approximately 1.5 nS, enabling the transit of large solutes
(like sucrose) (Neginskaya et al., 2019). However, this latter
scenario exerts detrimental effects on mitochondrial structure and
function leading to irreversible permanent permeability opening
and ultimately regulated cell death (RCD).

Under normal physiological conditions, the low conductance
state triggers opening due to the accumulation of Ca2+. Upon
redistribution of ions between the mitochondria and the cytoplasm,
H+ ions enter the mitochondria from the cytoplasm, causing rapid
closure of mPTP by reducing the pH of the mitochondrial matrix.
This spontaneous transition between on and off states of mPTP
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FIGURE 2

Several models of mPTP and factors inducing mPTP opening.

is referred to as “flicker” (Boyman et al., 2019). The flicker of
mPTP is a physiological phenomenon that provides an additional
mechanism for effluxing Ca2+ from the mitochondrial matrix,
mitigates persistent overload of Ca2+ in the matrix, regulates Ca2+

reserves within mitochondria, and further modulates Ca2+-related
metabolism (Bernardi and von Stockum, 2012). Moreover, the
flicker can facilitate transportation of endogenous ROS and other
molecules generated in mitochondria into the cytoplasm; however,
this may serve as a self-protective mechanism for mitochondria
(Zorov et al., 2000).

Unlike flicker, prolonged opening of mPTP can have
detrimental effects on mitochondrial physiology and energy
metabolism. When the mPTP is opened to a high conductance,
the redistribution of ions and small molecules leads to a reverse
redistribution of H2O. The entry of water into the mitochondrial
matrix increases osmotic pressure, resulting in partial expansion
of mitochondrial cristae and an increase in matrix volume.
This causes mitochondrial swelling accompanied by mechanical
rupture of the mitochondrial outer membrane (Bonora et al.,
2022). Opening of high-conductance mPTP typically occurs
under pathological conditions and often leads to difficult-to-repair
damage in mitochondria. Pathological stimuli such as Ca2+

overload, oxidative stress, increased phosphate concentration,
and decreased adenine nucleotide availability can promote the
high permeability of the mitochondrial inner membrane to
macromolecular solutes (Halestrap, 2009; Morciano et al., 2015;
Boyenle et al., 2022). The substantial non-selective influx of these
high molecular solutes and sudden loss of metabolites within
mitochondria disrupts mitochondrial homeostasis, ultimately
leading to programmed cell death (Izzo et al., 2016).

The opening of mPTP induced by Ca2+ overload has been
widely acknowledged by scholars. Studies have demonstrated

that Ca2+-treated mitochondria can generate reactive oxygen
species (ROS) and hydrogen peroxide (H2O2), which damage
the membrane components in mitochondria and induce mPT
(Kowaltowski et al., 2001). Mc Stay et al. discovered that
Cys160 and Cys257 sites of ANT were oxidatively modified in
Ca2+-treated mitochondria, significantly increasing the affinity
of cyclophilin D to ANT and inducing mPTP generation
(McStay et al., 2002). Mitochondrial pH also serves as a
precise regulator of mPT production. An acidic environment
inhibits the opening of mPTP since H+ ions replace Ca2+ and
bind to the trigger site of mPTP (Halestrap, 1991). Oxidative
stress and Pi concentration are two other known inducers
for mPTP opening. Mitochondria are an important source of
ROS (Giorgi et al., 2018), and pro-oxidants facilitate Ca2+-
induced mPTP opening. Stimulation with Pi can induce mPT
and promote ROS generation, leading to enhanced oxidative
stress response, further facilitating Pi-induced mPT. This situation
reduces the threshold for mPTP opening, making mitochondrial
cells prone to spontaneous occurrence of mPT (Kanno et al.,
2004). Proapoptotic members Bax, Bak, and Bad from the
Bcl-2 family have been reported to regulate mPTP opening.
Bax/Bak depletion in mitochondria renders cells resistant to mPTP
opening and necrosis; however, recombination of these cells or
mitochondria with wild-type Bax can restore susceptibility possibly
due to bax-driven cell fusion lowering the threshold form PTP
opening (Whelan et al., 2012). Roy et al. proposed that stress
factors such as ceramide and huperzine can dephosphorylate
Bad by activating protein phosphatase 2A (PP2A), allowing
dephosphorylated Bad to firmly bind to the mitochondrial
membrane and interact with Bcl. This process shifts VDAC
and makes mPTP sensitive to Ca2+, promoting its opening
(Roy et al., 2009).
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4 Cellular consequences of mPTP
opening

Under pathological conditions, the continuous and extensive
opening of mPTP disrupts the internal mitochondrial environment
and alters mitochondrial osmotic pressure, leading to a cascade
of irreversible damage to both mitochondria and the organism
as a whole. The persistent mPTP opening triggers the release of
ROS, resulting in oxidative stress and subsequent mitochondrial
dysfunction (Liu E. et al., 2020; Wacquier et al., 2020). ROS
accumulation damages nuclear DNA, activates pro-apoptotic
signaling pathways, and induces cellular senescence (Zorov et al.,
2014; Liu et al., 2022). Changes in osmotic pressure can cause
mitochondria to swell and rupture, ultimately leading to their
lysis and demise while regulating cell necrosis (Mnatsakanyan
et al., 2017). Furthermore, mPTP opening is also implicated in
processes such as mitophagy (Baechler et al., 2019), ferroptosis
(Basit et al., 2017), neutrophil extracellular traps (NETs) (Yang et al.,
2021), pyroptosis (Zhang et al., 2022b), and inflammatory response
(Bonora et al., 2022).

4.1 Oxidative stress

Under physiological conditions, the balance between
production and scavenging of ROS is tightly regulated. Depending
on the context, controlled oxidative stress can elicit various
cellular responses, ranging from activating signaling pathways
involved in cytoprotection to initiating coordinated activation
of mitochondrial fission and autophagy for efficient clearance
of abnormal mitochondria and cells, while preventing damage
propagation to neighboring organelles and cells (Bernardi and
Di Lisa, 2015; Briston et al., 2017). Conversely, uncontrolled
oxidative or reductive stress can result in severe cellular damage
and unnecessary cell death, leading to organ failure at both local
and systemic levels (Szeto, 2008; Bernardi et al., 2015). In normal
physiological conditions, ROS release accounts for approximately
2% of total mitochondrial oxygen consumption (Peuhkurinen
et al., 1983). Both low and high ratios of ROS release can have
detrimental effects: insufficient ROS release fails to fulfill proper
cellular functions; excessive ROS release lacks a regulatory effect.
As pivotal organelles governing cellular metabolism and redox
homeostasis, mitochondria possess precise mechanisms to regulate
ROS levels according to cellular demands (Cadenas, 2018).

However, under certain pathological conditions, the structure
and function of mitochondria can become impaired. Mitochondria
not only serve as the primary producers of ROS, but also
actively contribute to their harmful amplification. Research has
demonstrated that electron leakage from mitochondria accounts
for approximately 90% of ROS generation (Zheng et al., 2022). The
mPTP may play a pivotal role in this cascade of events. mPTP
activation promotes ROS production, which in turn leads to further
opening of the mPTP; this positive feedback mechanism ultimately
results in excessive ROS accumulation and subsequent detrimental
effects on mitochondrial function (Gareev et al., 2023).

Changes in cellular redox balance are intricately linked
to the respiratory activity of mitochondria (Korshunov et al.,
1997). Numerous post-translational modifications have been

documented in oxidative phosphorylation complexes, aiding in
the regulation of ROS production (Covian and Balaban, 2012).
For instance, tyrosine phosphorylation of cytochrome oxidase
and cytochrome c serves to inhibit respiration and safeguard
mitochondria against hyperpolarization and subsequent elevation
of ROS levels (Hüttemann et al., 2012). However, ROS can
disrupt the association between cytochrome c and mitochondrial
inner membrane cardiolipin, impairing its ability to shuttle
electrons from complex III to complex IV. Consequently, electron
accumulation occurs within respiratory complexes I and III,
further fueling mitochondrial ROS generation. Once mitochondrial
ROS reaches a certain threshold level, an influx of Ca2+

ensues depleting the robust redox buffering capacity within
mitochondria, leading to uncontrolled escalation of mitochondrial
ROS (Bernardi et al., 2015). Simultaneously, diffused ROS can affect
neighboring mitochondria that have not undergone mPT thereby
reducing the threshold for mPTP opening there and initiating a
detrimental cycle ultimately resulting in extensive cellular ROS
production (Zorov et al., 2014) and deleterious oxidative stress
(Bonora et al., 2022).

4.2 Apoptosis

When mitochondrial permeability is impaired, the oxidative
stress response becomes interconnected with subsequent damage
to both mitochondria and cells, ultimately leading to apoptosis.
Recent research has demonstrated that an elevation in reactive
ROS production occurs prior to DNA fragmentation-induced
apoptosis (Golstein and Kroemer, 2007). Various pathological
factors causing cellular hypoxia result in reduced oxygen levels,
thereby diminishing mitochondrial ATP production and triggering
an increase in intracellular Ca2+ concentrations. Concurrently,
hypoxia disrupts the functionality of the mitochondrial electron
transport chain, leading to heightened ROS generation. Elevated
levels of Ca2+ and ROS contribute to the opening of the
mPTP, further exacerbating Ca2+ and ROS accumulation within
mitochondria while promoting protein and lipid oxidation within
these organelles. The resultant calcium overload and oxidative
stress induce mitochondrial dysfunction, subsequently initiating
apoptosis (Yao et al., 2022).

Mitochondria serve as the regulatory centers of apoptosis, and
multiple lines of evidence suggest that mitochondria-mediated
opening of mPTP plays a crucial role in initiating apoptosis
(Chakraborti et al., 1999; Lin and Beal, 2006). Upon the opening of
mPTP, cytochrome c and its associated proteins are released from
mitochondria. However, it is widely acknowledged that the release
of cytochrome c from mitochondria represents a pivotal step in
apoptosis. Subsequently, cytochrome c released into the cytoplasm
binds to apoptosis-associated factor 1 (Apaf-1) in the presence
of ATP, leading to polymer formation and subsequent binding
with caspase-9 to form apoptotic bodies. Activation of caspase-9
then triggers a cascade effect by activating other caspases such as
caspase-3. Consequently, this process promotes cellular apoptosis
(Zoratti and Szabò, 1995).

The production of ROS by mitochondria has been
demonstrated to oxidize crucial thiol groups of the mPTP-related
component ANT, thereby triggering the release of cytochrome
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c and initiating a cascade of events leading to apoptosis (Kanno
et al., 2004). Furthermore, previous studies have suggested that
polythiols, but not monothiols, selectively inhibit the release of
cytochrome c (Nishikimi et al., 2001). Subsequent investigations
have revealed that adjacent dithiol and/or two proximal thiol
residues in ANT and related proteins within the mitochondrial
membrane may underlie Ca2+-induced cytochrome c release. This
study proposes that Ca2+ enhances the cross-linking between two
thiol groups, such as Cys160 and Cys257, in ANT, resulting in the
liberation of cytochrome c from mPTP (Kanno et al., 2004).

The VDAC protein is located in the outer mitochondrial
membrane and was previously believed to be a crucial component
of mPTP, although this assertion remains controversial
(Shanmughapriya et al., 2015). The activation or deactivation
state of VDAC plays a significant role in regulating apoptosis
within mitochondria. The N-terminal α-helix domain of VDAC1
is indispensable for stabilizing its original open state; however,
it has been reported that the N-terminal region can also form
a pore large enough to facilitate the release of cytochrome c
from mitochondria, subsequently triggering apoptosis (Abu-
Hamad et al., 2009). Interestingly, even when in the closed state,
VDAC can induce apoptosis by promoting calcium ion influx
into mitochondria and subsequent opening of mPTP (Tan and
Colombini, 2007). Moreover, previous studies have demonstrated
that overexpression of VDAC1 can initiate apoptosis (Zaid et al.,
2005; Weisthal et al., 2014). Under normal circumstances, VDAC
exists in various oligomerization states (Shoshan-Barmatz et al.,
2013), with overexpression leading to the formation of mPTP and
subsequent release of cytochrome c, ultimately resulting in cell
apoptosis (Keinan et al., 2010; Khan et al., 2021).

4.3 Necrosis

The process of cell necrosis is distinct from apoptosis, which
is a form of programmed cell death. While apoptosis is regulated,
cell necrosis is considered to be unregulated; however, some
scholars argue that a significant portion of necrosis occurs through
highly regulated mechanisms as well. During cell necrosis, the
intracellular ATP level decreases to a point where the cell can no
longer maintain its physiological activities. This leads to vacuolar
appearance in the cytoplasm, damage to the cell membrane, and
overflow of cellular contents including broken organelles and
chromatin fragments. Consequently, this triggers an inflammatory
response in surrounding tissues (Golstein and Kroemer, 2007;
Kung et al., 2011).

Although apoptosis and necrosis are mediated by different
pathways, there are instances where their production pathways
overlap and apoptotic processes can further contribute to the
occurrence of necrosis (Golstein and Kroemer, 2007; Chipuk et al.,
2010). In mitochondria, caspase activation plays a key role in
apoptosis due to the release of cytochrome c and other apoptotic
factors. However, primary necrosis does not require involvement
of cytochrome c. Nevertheless, if clearance of apoptotic bodies is
delayed or absent following apoptosis, secondary necrosis ensues
(Kung et al., 2011).

The opening of mPTP triggers mitochondrial membrane
depolarization, resulting in the cessation of mitochondrial ATP

synthesis and an influx of water into the solute-rich mitochondrial
matrix. Consequently, osmotic pressure builds up between the
matrix and the protein-dense extramitochondrial environment,
leading to matrix swelling and crista folding and stretching,
ultimately culminating in mitochondrial swelling, rupture, and
initiation of cell death (Lam et al., 2013; Shibata et al., 2019).
Furthermore, this swelling-induced dilution hampers enzyme
activity and metabolite concentration within mitochondria,
impairing tricarboxylic acid (TCA) cycle function as well as
respiratory complex activities. As a consequence, ATP synthase
ceases ATP synthesis at this stage, causing a rapid blockade of ATP-
dependent reactions. Under these circumstances, mitochondria are
unable to create conditions necessary for mPTP deactivation; thus,
rendering it irreversible while further accelerating cell death onset.

Additionally, extensive opening of the mPTP results in a
cellular energy crisis, leading to an uncontrolled escalation in
glycolysis rate. This heightened glycolytic activity causes pyruvate
accumulation, resulting in acidification of both the cytoplasmic
and mitochondrial matrix. Consequently, the plasma membrane
ATPase actively extrudes Na+, Ca2+, and H+ ions from the
cytosol, while the sarcoplasmic/endoplasmic reticulum Ca2+-
ATPase (SERCA) pumps Ca2+ into the endoplasmic reticulum.
Subsequently, there is a disappearance of Na+ and Ca2+

gradients along with a deceleration in H+ pumping, exacerbating
cytoplasmic acidification. The profound loss of ion gradients
ultimately culminates in plasma membrane collapse and necrotic
cell death (Galluzzi et al., 2018).

4.4 Autophagy

Autophagy is a catabolic process that selectively or non-
selectively degrades dysfunctional or unnecessary cellular
components in eukaryotic cells, thereby maintaining cellular
homeostasis and facilitating stress response under normal
conditions (Batoko et al., 2017). Nonselective autophagy serves as
a protective mechanism by providing cells with biomolecular fuel
to generate energy during periods of starvation (Rabinowitz and
White, 2010). However, autophagy also plays a role in regulating
cell death when cells are exposed to injury-induced stress or
signaling stimulation (Galluzzi et al., 2015; Zhao et al., 2017).

Mitophagy refers to the process through which mitochondria
or parts of mitochondria are targeted for degradation within
lysosomes (Montava-Garriga and Ganley, 2020; Nguyen and
Lazarou, 2021). The occurrence of autophagy leads to internal
cristae fragmentation, protein degradation, and even retention
of only the outer membrane structure (Minibayeva et al., 2012).
Mitophagy occurs conservatively and specifically, serving as
an important self-regulatory pathway for maintaining cellular
stability.

According to the current study, specific proteins on the
surface of mitochondria appear to function as markers for
autophagic recruitment in mitochondria, while mPTP plays a
crucial role as a component of the mitochondrial membrane.
The opening of mPTP can trigger alterations in autophagic
activity (Rodriguez-Enriquez et al., 2006). Electron transport chain
(ETC), an integral part of mitochondria, generates low levels of
ROS to facilitate cell signaling (Maldonado and Lemasters, 2014;

Frontiers in Molecular Neuroscience 07 frontiersin.org71

https://doi.org/10.3389/fnmol.2024.1423132
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-17-1423132 August 2, 2024 Time: 12:58 # 8

Cong et al. 10.3389/fnmol.2024.1423132

Huang et al., 2016). Through redox reactions that generate
ATP in the oxidative phosphorylation system, they establish
an electrochemical gradient. Under hypoxic conditions, cellular
oxidative metabolism and energy are disrupted, leading to
mitochondrial dysfunction and inadequate ATP supply along with
excessive ROS production (Zelinová et al., 2019). The generation of
ROS induces autophagy while also promoting mPTP opening and
continuous ETC impairment (Gomes and Scorrano, 2013), further
exacerbating autophagy. Numerous studies have demonstrated
that mitochondria undergoing permeability transitions are often
targeted by autophagy. Extensive intracellular mPT triggers
excessive mitophagy, resulting in programmed cell death (Van
Aken et al., 2016). In cases where mammalian hepatocytes
experience nutrient starvation, MPT occurrence leads to an
accelerated depolarization rate of the mitochondrial membrane and
subsequently promotes mitophagy (Reumann et al., 2010).

When mitochondria are damaged, the damaged mitochondria
are often transported to lysosomes for degradation, a process
frequently observed in the activation of the PINK1-parkin pathway
(Palikaras et al., 2018). This mechanism is believed to mediate
mPTP-induced mitophagy following deletion of the mitochondrial
fission protein DRP1 (Song M. et al., 2015). Fused mitochondria
facilitate more efficient diffusion of Ca2+ within them, which
stimulates mPTP opening (Baumgartner et al., 2009), an event
disrupted by Drp1-mediated mitochondrial fission. Inhibition
of Drp1-mediated fission results in morphologically elongated
mitochondria and increased mPTP opening (Szabadkai et al.,
2004). The opening of mPTP can cause depolarization of the
mitochondrial membrane, leading to accumulation of PINK1 on
the mitochondrial surface and subsequent initiation of mitophagy,
ultimately resulting in autophagosome uptake and release (Basit
et al., 2017). However, in the absence of DRP1, inhibition of
mPTP opening reduces mitochondrial lysosomal phagocytosis
while increasing mitochondrial content (Baumgartner et al., 2009).

The involvement of mPTP in autophagy can also occur
via the apoptotic pathway. Mitochondrial outer membrane
permeability is regulated by BCL2 family proteins, which govern
the intrinsic apoptotic pathway. It has been demonstrated that
mPTP facilitates the translocation of pro-apoptotic protein Bax
to the outer mitochondrial membrane. The anti-apoptotic protein
BCL2 forms a heterodimer with BAX to regulate cellular apoptosis.
Furthermore, BCL2 interacts with BECN1/Beclin 1 to modulate
autophagy. However, phosphorylation of BCL2 enhances its
binding affinity for Bax and dissociates it from BECN1, thereby
inducing autophagy (Wei et al., 2008). These findings underscore
the pivotal role of both BCL2 and mPTP in regulating the delicate
balance between apoptosis and autophagy through their regulation
of Bax (Liu et al., 2018).

Additionally, mitophagy also impacts mPT, and the
accumulation of dysfunctional mitochondria induced by autophagy
results in a reduction in mitochondrial membrane potential and an
elevation in ROS production. This scenario decreases the threshold
for mPTP opening, rendering mitophagy-deficient cells susceptible
to spontaneous mPT (Baechler et al., 2019; Sun et al., 2019), thus
perpetuating a vicious cycle. In animals, the mitochondrial protease
PARL inhibits autophagy through Omi activation, also known as
HtrA2, thereby preserving cristae structure and preventing mPTP
opening and cytochrome c release (Chao et al., 2008).

4.5 Ferroptosis

Different from apoptosis, necrosis, and autophagy, ferroptosis
is a regulated mode of cell death that relies on iron ions. Its
primary characteristic is the accumulation of lipid peroxides
(Dixon et al., 2012; Xie et al., 2016). The process of lipid
peroxidation can be initiated by enzymatic or non-enzymatic
reactions catalyzed by lipoxygenase. Once generated, lipid peroxide
reacts with Fe2+, oxygen, or surrounding unsaturated fatty acids,
leading to continuous generation of free radicals and their
diffusion into the surrounding area, ultimately triggering cell death
(Tang et al., 2021).

Although unsaturated fatty acids in the cell membrane undergo
continuous oxidation, lipid peroxidation and ferroptosis can
be inhibited by antioxidant mechanisms under physiological
conditions. Glutathione peroxidase 4 (GPX4) plays a crucial role
in this process by catalyzing the reaction between glutathione GSH
and lipid hydroperoxides, thereby reducing lipid peroxidation to
lipid alcohols and preventing the accumulation of lipid peroxides,
thus protecting cells (Friedmann Angeli et al., 2014; Conrad et al.,
2016). However, the functional activity of GPX4 is regulated
by system XC- in the plasma membrane. System xc- encodes
heterodimeric amino acid transport through SLC7A11 (xCT) and
SLC3A2 (4F2hc), which facilitates cystine-glutamate exchange
(Ying and Padanilam, 2016). It transports extracellular cystine into
cells where it is converted to cysteine−a necessary substrate for
maintaining GPX4 activity. Impaired cystine transport can result in
decreased intracellular GSH levels and increased ROS production
(Montero et al., 2013), consequently leading to the accumulation of
lipid hydroperoxides (Friedmann Angeli et al., 2014).

Currently, an increasing body of research provides crucial
evidence implicating mitochondrial damage in the process of
iron-induced cell death. Jelinek et al. discovered that exposure
to RSL3 induced iron death in neuronal HT 22 cells and
mouse embryonic fibroblasts, resulting in a decrease in GPX4
concentration, increased lipid peroxidation and mitochondrial
fragmentation, decreased mitochondrial membrane potential and
respiration. However, the use of iron death inhibitors reversed
these effects. Furthermore, the application of ROS scavengers
effectively preserved the integrity of mitochondrial morphology
and partially inhibited the occurrence of iron-induced cell death
(Jelinek et al., 2018).

An important intersection between mitochondrial dysfunction
and iron-induced cell death is the activation of mPTP. It has been
observed that Erastin-induced iron-mediated cell death in SH-
SY5Y cells is accompanied by a decline in mitochondrial membrane
potential, intracellular ATP content, and an accumulation of
oxidative stress markers. However, treatment with cyclosporin
A can prevent Erastin-induced mitochondrial changes and
subsequent cell death by binding to CypD. This suggests that
mPTP activation plays a crucial role in iron-induced cell
death. Interestingly, it should be noted that ROS production
gradually increases over time, while cyclosporin A significantly
inhibits this process only during later stages. There is reason to
believe that ROS accumulation during these later stages may be
triggered by mPTP activation, whereas initial ROS production
induced by erastin could potentially result from GSH depletion
(Ganguly et al., 2024).
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Studies have revealed that mitophagy can trigger uncontrolled
degradation of mitochondria, resulting in the release of stored
iron and subsequent iron overload-induced ferroptosis (Du et al.,
2020). Throughout this process, mitochondria undergo a series of
alterations including volume atrophy, outer membrane rupture,
crista shrinkage, inner membrane compression, and electron
transparent nucleus formation (Xie et al., 2016). Ultimately,
these changes culminate in membrane disruption, depolarization
of mitochondrial membrane potential, and mPTP opening.
However, the activation of mPTP leads to ROS generation
which exacerbates mitochondrial energy dysfunction and organelle
swelling/rupture while inducing characteristic ferroptotic cell
death, thus establishing a vicious cycle (Kwong and Molkentin,
2015; Basit et al., 2017). Additionally demonstrated is that oxidative
stress triggers p53 translocation to mitochondria in Bax/Bak double
knockout mice’s isolated mitochondria. This translocation induces
CypD-p53 complex formation which promotes mPTP opening
and consequent cell death (Vaseva et al., 2012). Simultaneously
activated p53 renders cells more susceptible to ferroptosis by
inhibiting SLC7A11 transcription resulting in decreased cystine
uptake along with reduced GSH levels leading to an additional
increase in ROS production ultimately driving ferroptotic cell
demise (Zhang et al., 2018).

As a crucial component of mPTP, VDAC1 plays a pivotal role
in the occurrence of ferroptosis, contributing to tissue damage
and organ dysfunction associated with various diseases (Niu et al.,
2022). Studies have demonstrated that Tanshinone IIA (TSN),
an active compound extracted from Danshen, can effectively
mitigate myocardial cell injury by suppressing ferroptosis during
anoxia/reoxygenation (A/R). Pre-treatment with TSN leads to
upregulation of genes involved in ferroptosis inhibition, reduction
in total iron content, lipid peroxide levels, and superoxide
dismutase expression while inhibiting ferroptotic activation.
However, overexpression of VDAC1 can induce mPTP opening
and counteract the protective effect exerted by TSN on cells.
This suggests that TSN prevents A/R-induced ferroptosis by
downregulating VDAC1 expression to prevent mPTP opening
(Hu et al., 2023).

4.6 Others

The regulation of inflammation and the opening of mPTP are
interconnected (Bonora et al., 2022). Induction of mPTP triggers
the activation of inflammatory response through succinate release
and the release of damage-associated molecular patterns (DAMPs)
associated with mitochondrial damage, thereby leading to tissue
damage following cerebral ischemia (Tian H. Y. et al., 2023). The
opening of mPTP induces ferroptosis, which in turn leads to
secretion of HMGB1, a DAMP that activates pattern recognition
receptor (PRR)/NF-κB pathway, resulting in an inflammatory
response in peripheral macrophages (Chen et al., 2021). It
has been observed that under stress conditions, mitochondrial
DNA (mtDNA) is released into the cytoplasm via mPTP,
activating cyclic GMP-AMP synthetase (cGAS)-stimulator of
interferon genes (STING) pathway and exacerbating downstream
inflammatory responses. Genetic deletion or pharmacological
inhibition of STING as well as inhibition of mtDNA release reduce

inflammatory responses; however, transfection with mtDNA
supports cytoplasmic mtDNA-induced inflammatory responses by
activating cGAS-STING pathway (Ouyang et al., 2023). Deletion of
CypD, a major component of mPTP, attenuates proinflammatory
cytokine expression in mouse islets (Liu et al., 2019) and
mitigates inflammatory responses induced by exposure to bacterial
products such as lipopolysaccharide in macrophages or liver cells
(Veres et al., 2021).

The aging process is associated with significant alterations in
mitochondrial function. These changes in mitochondrial function
are believed to be linked to an increased production of ROS,
which contribute to cellular death, senescence, tissue degeneration,
and impaired tissue repair over time. The opening of the mPTP
may play a crucial role in these processes, as elevated ROS levels
activate mPTP opening, further exacerbating ROS production
(Zorov et al., 2014). Injury and inflammation are also thought to
enhance mPTP opening, and chronic low-grade inflammation is a
characteristic feature of aging. Nicotinamide adenine dinucleotide
(NAD+) inhibits the frequency and duration of mPTP opening;
however, NAD+ levels decline with age, thereby promoting mPTP
opening and increasing ROS release. Accumulation of ROS can
damage nuclear DNA, trigger pro-apoptotic signaling pathways,
and drive cellular senescence (Schaar et al., 2015; Fang et al.,
2016). Mitophagy regulates senescent cells by removing fragmented
mitochondria with activated mPTP; nevertheless, autophagy is
inhibited in senescent cells leading to increased activation of
mPTP. However, during aging the heightened activity of mPTP
makes autophagy a detrimental process that contributes to cellular
senescence and demise (Rottenberg and Hoek, 2021).

NETs are unique structures formed by neutrophils outside the
cell, composed of DNA, histones, and granule contents. NETs
represent an inflammatory form of cell death in neutrophils.
Research has demonstrated that SIRT1 can induce the activation
of mPTP channels and release mitochondrial DNA, leading to the
formation of mitochondria-dependent NETs which subsequently
initiate a cascade of pathological reactions (Yang et al., 2021).

NLRP3 inflammasome-mediated pyroptosis is an
inflammatory programmed cell death process that promotes
chronic inflammation and tissue degeneration. Human nucleus
pulposus cells exposed to oxidative stress conditions exhibit
characteristic morphological and functional changes associated
with mPTP opening and cytoplasmic release of mtDNA. Inhibiting
mPTP opening specifically or preventing mtDNA release into the
cytoplasm effectively reduces NLRP3 inflammasome-mediated
pyroptosis in nucleus pulposus cells as well as inflammation within
the microenvironment in vitro, ultimately mitigating degenerative
progression in a rat intervertebral disc acupuncture model
(Zhang et al., 2022a).

5 mPTP participating in the
pathological process of ICH

The pathological process following ICH can be categorized
into two stages: primary brain injury and secondary brain injury.
The former refers to the mechanical damage caused by the space-
occupying effect of the hematoma, while the latter encompasses
a series of pathological processes involving excitatory amino
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acid toxicity, reactive oxygen species, vascular inflammatory cell-
mediated tissue oxidative stress, apoptosis, necrosis, autophagy,
and so forth. Ultimately leading to severe neurological deficits
(Wang Z. et al., 2018; Chen et al., 2020; Zheng et al., 2023).
Currently, there is substantial evidence linking the opening of
mPTP with the pathological process after ICH (as depicted
in Figure 3).

5.1 ICH and oxidative stress

Due to its high lipid and iron content and relatively low
levels of antioxidants, the brain is susceptible to damage from
oxidative stress (OS) (Xu et al., 2018). Numerous studies have
demonstrated the association between OS and the pathophysiology
of various brain disorders (Salim, 2017), particularly ICH. OS can
be triggered by ICH and plays a crucial role in secondary brain
injury following such an event (Wang S. et al., 2018). Increasing
evidence suggests that ROS levels increase while antioxidant
enzyme activity decreases in the brain after ICH (Xie et al., 2017).
Experimental models of ICH have shown elevated levels of ROS and
malondialdehyde (a marker of oxidative stress) in rats (Liu X. C.
et al., 2020). During ICH, an excessive amount of ROS disrupts the
delicate balance between the antioxidant system and ROS, resulting
in cellular damage including lipid peroxidation, DNA damage,
protein oxidation, apoptosis induction, blood-brain barrier (BBB)
breakdown and overall brain impairment (Han et al., 2008;
Katsu et al., 2010).

Multiple mechanisms can mediate the generation of ROS
following ICH, and glutamate is among them. Glutamate serves
as a contributing factor to nervous system injury by inducing
excitotoxicity in neurons. Following ICH, a substantial release
of glutamate occurs from the blood, activating NMDA receptors
and resulting in an influx of Ca2+. This excessive increase
in cytoplasmic Ca2+ subsequently leads to mitochondrial Ca2+

overload. Additionally, thrombin production after ICH activates
Src kinase, leading to phosphorylation of NMDA receptors
and further enhancement of their function (Sharp et al.,
2008). However, mitochondrial Ca2+ overload causes a decrease
in transmembrane potential and opening of mPTP, thereby
damaging mitochondria and the respiratory chain, ultimately
leading to increased ROS release (Mracsko and Veltkamp, 2014).
Furthermore, this destructive damage has the ability to propagate
from one mitochondrion to another (Qu et al., 2016), resulting in
continuous expansion of the oxidative stress response.

5.2 ICH and apoptosis

The occurrence of apoptosis following ICH is widely observed
in the cerebral cortex, subcortical and hippocampal neurons.
Additionally, traces of apoptosis can even be detected within
the cerebrovascular system alongside brain parenchyma. Studies
have demonstrated that vascular endothelial cell apoptosis directly
exacerbates vasospasm severity post-intracerebral hemorrhage and
further intensifies secondary injury (Zhou et al., 2004). ICH, as
an external stress event, can trigger apoptosis through various
mechanisms (Hasegawa et al., 2011). The mitochondria-related

apoptotic pathway plays a crucial role in secondary injury after ICH
(Fujii et al., 2013). Mitochondria are highly dynamic organelles
that continuously undergo fusion and division to adapt to
changes in energy demand and supply while maintaining cellular
function (Zhou et al., 2021). Under normal circumstances, the
dynamic balance between mitochondrial fusion and division is a
pivotal event regulating mitochondrial morphology for ensuring
normal mitochondrial function (Giacomello et al., 2020). However,
following ICH, there is abnormal regulation of mitochondrial
dynamics with an imbalance between fusion and fission processes
leading to a gradual shift towards fission (Wu et al., 2020b).
Mounting evidence suggests that excessive mitochondrial division
serves as a key factor contributing to ICH development (Wu
et al., 2020a; Zhang et al., 2021). Excessive fission disrupts
the structural integrity of mitochondria. During this process,
a series of morphological changes can be observed, including
prominent mitochondrial clustering, spherical shrinkage, loss of
integrity, mitochondrial swelling, darkening of the matrix, and
irregular cristae formation (Cheng et al., 2021; Zhang et al.,
2021). Consequently, mitochondrial oxidative phosphorylation
is impaired while ROS production increases. This leads to
decreased ATP levels and mitochondrial membrane potential
ultimately resulting in mitochondrial dysfunction (Wu et al.,
2020a), which also serves as an early indicator of apoptosis.
The heightened mitochondrial fission prolongs mPTP opening
(Chang et al., 2021), leading to sustained release of apoptotic
factors (such as cytochrome C) from mitochondria. Subsequently,
activation of the caspase cascade occurs followed by apoptosis
(Azarashvili et al., 2016).

The protein p53 has been demonstrated to play a crucial role
in coordinating the apoptotic pathway following ICH (Cahill and
Zhang, 2009; Lauzier et al., 2023). Upon occurrence of ICH, p53
activates the mitochondrial apoptotic pathway via the Bcl-2 protein
family, which subsequently modulates the release of cytochrome C
from mPTP based on the prevailing signal (i.e., pro-apoptotic or
anti-apoptotic dominance) (Philchenkov, 2004). Moreover, under
oxidative stress induced by ROS, p53 accumulates within the
mitochondrial matrix and interacts with CypD to trigger mPTP
opening, thereby initiating a detrimental cycle of enhanced ROS
release and apoptosis induction (Vaseva et al., 2012; Munro and
Treberg, 2017).

5.3 ICH and necrosis

As previously discussed, apoptosis is a delayed form of cell
death that occurs as a result of less severe injury and is associated
with the activation of a “genetic program.” In contrast, necrosis
is a rapid response to severe injury such as hypoxia and cell
trauma. Despite their morphological differences, there is increasing
evidence suggesting the existence of similar mechanisms for
apoptosis and bad cell color, both of which are linked to the
opening of mPTP. Following ICH, the opening of mPTP can
directly lead to mitochondrial dysfunction and neuronal damage
(Banasiak et al., 2000).

Under normal circumstances, mitochondria primarily
play a crucial role in supplying cellular energy. However,
when mitochondrial dysfunction occurs, it can lead to various
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FIGURE 3

Cellular consequences of mPTP opening. In pathological conditions, mPT promotes the production of ROS, which in turn leads to further opening
of the mPTP. Simultaneously, ROS can impair proteomic clearance of α-synuclein, resulting in its accumulation and interaction with mitochondria,
thereby further activating mPTP opening. This creates a vicious cycle that triggers oxidative stress reactions. Upon mPTP opening, cytochrome c is
released from mitochondria and binds to apoptosis-related factor 1 (Apaf-1), facilitating caspase-9 binding and subsequent activation of caspase-3,
ultimately triggering apoptosis. If apoptotic bodies are not promptly cleared, secondary cell necrosis occurs immediately after apoptosis. The
opening of mPTP can cause ATP supply insufficiency and excessive ROS production, inducing autophagy. Mitochondrial damage-induced
accumulation of PINK1 further promotes autophagy. Phosphorylated Bcl-2 following mPTP opening can induce autophagy by binding to Bax
protein. The opening of mPTP results in decreased GPX4 concentration and affects the regulation system xc-, as well as GSH expression catalyzed
by it; this reduction impairs cystine transport leading to lipid hydroperoxide accumulation and subsequently iron death.

consequences in neuronal damage, ranging from temporary
metabolic inhibition to cell necrosis depending on the severity
of mitochondrial impairment (Yu et al., 2019). Following ICH,
the release of glutamate triggers neuronal necrosis, and this
specific mechanism is associated with mitochondrial dysfunction
(Nicotera and Lipton, 1999). A subset of cerebellar granule cells
was observed to undergo necrotic death during and shortly after
exposure to glutamate. These neurons experienced a collapse
in mitochondrial membrane potential, swelling of the nucleus,
and dispersion of intracellular debris into the culture medium.
Glutamate stimulation resulted in decreased mitochondrial
membrane potential and ATP levels in numerous neurons. In
cases where there was irreversible dissipation of the mitochondrial
membrane potential, rapid necrosis occurred (Nicotera and Lipton,
1999). Insufficient ATP production leading to reduced intracellular
energy can further contribute to cytotoxic edema development
and cell necrosis. Neurons have higher energy demands compared
to other cells; therefore, inadequate energy supply causes more
significant damage to neurons (Prentice et al., 2015). Additionally,
mitochondria can induce ROS production. The accumulation of
ROS disrupts the pro-oxidation-antioxidant balance within cells

and contributes to oxidative stress occurrence—ROS being a key
factor in neuronal cell necrosis (Prentice et al., 2015). Henceforth,
maintaining the integrity of both mitochondrial morphology and
function plays a vital role in protecting nerve cells following ICH;
mPTP serves as a critical determinant influencing this process.

5.4 ICH and autophagy

Autophagy is a vital lysosomal degradation and recycling
process in eukaryotic cells, responsible for maintaining cellular
function, homeostasis, and the delicate balance between cell
survival and death (Tian Z. et al., 2023). Studies have demonstrated
the sensitivity of vascular smooth muscle cells (VSMCs) to
alterations in autophagic regulation (Salabei and Hill, 2015).
Autophagy is indispensable for VSMC survival, as knockdown of
autophagy-related genes increases their susceptibility to cell death
(Grootaert et al., 2018). Furthermore, autophagy plays a significant
role in various cardiovascular and cerebrovascular diseases such
as atherosclerosis (Shao et al., 2016) and ischemic stroke (Mo
et al., 2020). Recent evidence has also implicated autophagy in

Frontiers in Molecular Neuroscience 11 frontiersin.org75

https://doi.org/10.3389/fnmol.2024.1423132
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-17-1423132 August 2, 2024 Time: 12:58 # 12

Cong et al. 10.3389/fnmol.2024.1423132

secondary injury following ICH (Zhang and Liu, 2020). Miro1,
a mitochondrial transport protein highly expressed after ICH,
exhibits superior maintenance of mitochondrial membrane
potential and promotes mitochondrial health. Consequently,
researchers speculate that Miro1 may safeguard neurons by
regulating intercellular mitochondrial transport to mitigate
secondary injury post-cerebral hemorrhage (Li B. et al., 2021).
Additionally, Miro1 serves as a substrate for the E3 ubiquitin
ligase Parkin. The PINK1-Parkin pathway induces mitophagy by
triggering mPTP opening (Song M. et al., 2015), which is crucial for
eliminating damaged mitochondria subsequent to ICH occurrence
(Kazlauskaite et al., 2014).

The microtubule-associated protein 1 light chain 3 (LC3)
serves as a specific autophagy marker, appearing exclusively
during the initiation of phagocytosis and exhibiting correlation
with ROS expression (Tooze and Yoshimori, 2010). Studies
have demonstrated that VDAC1, a crucial component of mPTP,
co-localizes with LC3 following ICH. Positive staining for
TUNEL and propidium iodide PI indicates that VDAC1 (mPTP)
plays a pivotal role in inducing mitophagy, apoptosis, and
necrosis. Inhibition of VDAC by VDAC 1 siRNA attenuates
LC3 expression while upregulating ROS protein accumulation,
histological manifestations of apoptosis and necrosis, as well
as caspase-3 protein levels. Conversely, activation of autophagy
through rapamycin significantly enhances LC3 expression while
reducing ROS protein expression and abolishing histological
manifestations of apoptosis and necrosis (Li et al., 2014). This
finding offers a novel direction for future treatment strategies
targeting secondary injury in ICH.

5.5 ICH and ferroptosis

As a form of iron-dependent programmed cell death,
ferroptosis can be triggered by lipid peroxidation (Stockwell
et al., 2017; Guo et al., 2020). However, both the iron and lipid
pathways are implicated in the pathological process following ICH.
Early studies have demonstrated that iron, a major component
of hemoglobin, is highly neurotoxic and can be released during
hematoma formation after ICH to initiate the Fenton reaction.
The lipid pathway can induce the generation of various hydroxyl
radicals, thereby promoting tissue oxidation, damaging cell
membranes, DNA and proteins, ultimately leading to ferroptotic
death of nerve cells (Djulbegovic and Uversky, 2019; He et al.,
2020). Studies have revealed that ICH can result in diverse forms
of neuronal cell death with ferroptosis accounting for over 80%
of total neuronal deaths in ICH models; thus, highlighting its
indispensable role in ICH pathology (Li Y. et al., 2021). During
the acute phase of ICH, microglia and infiltrating macrophages
phagocytose and decompose hemoglobin (Hu et al., 2016; Wan
et al., 2019), resulting in substantial production of extracellular
iron biliverdin and carbon monoxide (Zhou et al., 2020), which
further facilitates intracerebral hematoma development (Chen
et al., 2019). This process leads to mitochondrial damage causing
excessive reactive oxygen species production (Lemasters, 2017)
while disrupting glutamine metabolism leading to impaired
antioxidant pathways and hydroxyl radical synthesis ultimately
culminating in ferroptotic demise of nerve cells (Magtanong and
Dixon, 2018; DeGregorio-Rocasolano et al., 2019).

Cheng et al. proposed a close association between mitochondria
and ferroptosis following ICH. Their study revealed impaired
mitochondrial function in both human and murine models of
ICH, with specific inhibitors targeting mitochondria triggering and
exacerbating neuronal ferroptosis, thereby worsening neurological
deficits post-ICH (Cheng et al., 2023). Furthermore, this study
identified the most prominent morphological characteristic of
ferroptotic cells as alterations in mitochondrial morphology
observed under electron microscopy (Dixon et al., 2012). Post-
ferroptosis, there was a reduction in mitochondrial volume,
increased concentration of mitochondrial membrane density,
thinning or disappearance of mitochondrial cristae, and rupture of
the outer mitochondrial membrane. These distinct changes make
monitoring mitochondrial morphological alterations an effective
method for assessing ferroptosis both in vitro and in vivo alongside
measuring cellular levels of ROS and iron (Xie et al., 2016).

5.6 Neuronal axons and mPTP

A substantial body of evidence supports the essential role of
mitochondrial functional integrity in neuronal survival following
ICH (Diao et al., 2020). Mitochondrial dysfunction contributes
to a cascade of secondary injuries after ICH, primarily due
to their involvement in eliminating damaged mitochondria and
repairing injured neurons (Zhou et al., 2017). Several studies have
indicated that axonal injury after ICH is predominantly caused
by mitochondrial dysfunction resulting from mPTP opening,
which offers a novel avenue for investigating axonal degeneration
post-ICH (Yang et al., 2022). Axonal injury mainly occurs in
the extra-hematoma parenchyma following ICH and generally
exhibits an increasing trend during the initial three days post-
ICH (Wasserman and Schlichter, 2008). As the primary energy
generators within neuronal cells, mitochondria play a crucial
role in regulating nutrient transport and physiological functions
of neuronal axons (Chang et al., 2006; Nikić et al., 2011).
The survival of axonal and dendritic neuronal fibers is heavily
reliant on mitochondrial transport, as mitochondria provide
sufficient energy to distal synapses for normal ion channel,
transporter, and synaptic transmission activities (Chang et al.,
2006). Mitochondria are now considered fundamental components
of axon elongation/regeneration and branching (Smith and
Gallo, 2018). Mitochondrial damage not only reduces ATP
release but also increases axonal degeneration (Smith and Gallo,
2018). The interaction between microtubules and actin filaments
mediates axonal extension and guidance. Studies have found that
microtubule replacement and mitochondrial dysfunction are the
initial events of axonal injury after ICH. ATP deficiency caused by
mitochondrial dysfunction and mPTP opening is a crucial initial
link in axonal injury that directly leads to microtubule disassembly
(Li et al., 2022).

6 Explore the treatment of ICH from
the perspective of mPTP

The latest research has revealed that mitochondrial dysfunction
and the subsequent opening of mPTP play a pivotal role in
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the occurrence of secondary injury following ICH. Consequently,
targeting mPTP as a means to enhance EBI represents a promising
therapeutic avenue.

mPTP is implicated in various cellular death processes
associated with ICH, and targeting specific components of
mPTP may serve as an effective approach to enhance EBI.
VDAC functions as a channel-forming protein situated in
the outer mitochondrial membrane, facilitating the passage of
metabolites and iron across the outer membrane (Hodge and
Colombini, 1997; Colombini, 2012). Partial inhibition of VDAC
hampers mitochondrial metabolism and diminishes mitochondrial
membrane potential (Maldonado and Lemasters, 2012; Yao
et al., 2018). The ferroptosis activator erastin can induce
VDAC opening, facilitate mitochondrial iron uptake, elevate
mitochondrial membrane potential, leading to depolarization of
the mitochondria and subsequent induction of neuronal death
through mitochondrial dysfunction. However, targeted application
of VDAC inhibitors can reverse the occurrence of EBI (Ismael
et al., 2020). Therefore, stable expression of VADC can be employed
as an effective target for EBI treatment. mPTP is implicated
in various cellular death processes associated with ICH, and
targeting specific components of mPTP may serve as an effective
approach to enhance EBI. VDAC functions as a channel-forming
protein situated in the outer mitochondrial membrane, facilitating
the passage of metabolites and iron across the outer membrane
(Hodge and Colombini, 1997; Colombini, 2012). Partial inhibition
of VDAC hampers mitochondrial metabolism and diminishes
mitochondrial membrane potential (Hodge and Colombini, 1997;
Colombini, 2012). The ferroptosis activator erastin can induce
VDAC opening, facilitate mitochondrial iron uptake, elevate
mitochondrial membrane potential, leading to depolarization of
the mitochondria and subsequent induction of neuronal death
through mitochondrial dysfunction. However, targeted application
of VDAC inhibitors can reverse the occurrence of EBI (Hodge and
Colombini, 1997; Colombini, 2012). Therefore, stable expression of
VADC can be employed as an effective target for EBI treatment.
Additionally, targeted modulation of CypD can confer a significant
protective effect on the organism. It has been observed that
endogenous SO2 can sulfonate the Cys104 residue of CypD,
thereby impeding the opening mechanism of mPTP and effectively
inhibiting apoptosis (Boyang et al., 2022).

The neuroprotective effect of cyclosporine A, which effectively
attenuates the excessive generation of reactive oxygen species and
enhances the activation of mitogen-activated protein kinase and
protein kinase C, is unequivocal in both in vitro and preclinical
models (Pignataro et al., 2008; Xuwen et al., 2008). Additionally,
cyclosporin A also hinders the activation of mPTP (Norbert
et al., 2016). It has been observed that its inhibition on mPTP
opening is achieved by binding to CypD (Davis et al., 2010). The
compound has the ability to bind to CyPD, effectively inhibit its
isomerase activity, and displace it from mPTP (Shohei et al., 2018).
Cyclosporine A exhibits potent activity in inhibiting mPTP opening
at low concentrations (0.2–1.2 µM). Inhibited mPTP can reduce
tissue expression levels of cytochrome c and AIF while improving
secondary damage factors such as brain edema, cortical apoptosis,
and neurobehavioral defects in a rat model with ICH (Xie et al.,
2012). The neuroprotective drug Edaravone, similar to cyclosporin
A, is believed by some scholars to exert its protective mechanism
through modulation of mPTP. This modulation inhibits upstream

ROS events and subsequently prevents mPTP opening, ultimately
leading to neuronal survival (Shohei et al., 2018).

Studies have revealed that mitochondria accumulate high
concentrations of melatonin (Leon et al., 2004), and the substantial
synthesis of melatonin in mitochondria plays a crucial role
in maintaining cellular energy metabolism and mitochondrial
function (He et al., 2016). Apart from its antioxidant effects,
melatonin exerts neuroprotective actions by modulating mPTP
activity and cell death processes (Petrosillo et al., 2009; Espino
et al., 2010), which has emerged as a novel approach for
intervening in mPTP-related secondary damage following ICH.
Initial observations in rat brain astrocytes demonstrated that
melatonin appeared to inhibit mitochondrial ROS formation and
prevent cell death by targeting Ca2+-mediated mPT (Jou et al.,
2010). Subsequent research found that when Ca2+ homeostasis
was disrupted, melatonin effectively prevented mitochondrial
depolarization and attenuated mPTP-induced neurotoxicity (Jou,
2011). Furthermore, the addition of melatonin to isolated brain
mitochondria inhibited the opening of mPTP, suggesting its
potential to impede mPTP-mediated mitochondrial dysfunction
(Waseem et al., 2016). In animal models of ICH, melatonin
mitigates mitochondrial dysfunction by upregulating antioxidants,
thereby inhibiting the opening of mPTP to attenuate secondary
damage following ICH and safeguard brain tissue (Wang Z.
et al., 2018). Additionally, it has been observed that melatonin
significantly diminishes mitochondrial swelling and membrane
potential while enhancing mitochondrial respiration (Morciano
et al., 2021). A recent mechanistic study demonstrated that
antagonists of melatonin receptor 1 (MT1) nullify the inhibition
of mPTP opening induced by melatonin, whereas MT1 agonists
exert an opposite effect (Fang et al., 2020). However, the precise
mechanism through which melatonin regulates mPTP remains
unclear, with one possible molecular mechanism being the
interaction between melatonin and CypD (Zhou et al., 2018).

The opening of mPTP will result in various forms of cell
death, thereby inducing further mPTP opening and leading
to more severe cellular damage. Abnormal mPTP opening
can cause disruption in mitochondrial structure and function.
Therefore, preserving the integrity of mitochondrial structure and
function is crucial for preventing the progression of secondary
damage following ICH. Adiponectin receptor 1 (AdipoR1) is
widely expressed in neurons and its activation has a beneficial
impact on damaged neurons (Song J. et al., 2015; Duan et al.,
2016). Activation of AdipoR1 enhances AMP-activated protein
kinase (AMPK) phosphorylation. As a downstream signaling
molecule of AMPK, peroxisome proliferator-activated receptor-
gamma coactivator-1 alpha (PGC1α) plays a pivotal role in
regulating mitochondrial biosynthesis. In cases of ICH, PGC1α

activation can stimulate the NRF1/TFAM axis (nuclear respiratory
factor 1, NRF1; Mitochondrial transcription factor A, TFAM),
thus improving mitochondrial DNA and ATP production (You
et al., 2016). Furthermore, PGC1α activation also mitigates the
collapse of mitochondrial membrane potential (1ψm) and reduces
mitochondrial ROS production through a SIRT3-dependent
mechanism (Zhang et al., 2016; Yu et al., 2017; Zheng et al.,
2018). In conclusion, the Adipor1-AMPK-PGC1α axis may play
a role in the progression of mitochondrial damage following ICH.
Activation of AdipoR1 expression can mitigate secondary damage
after ICH by preserving mitochondrial structure and function.
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SS31, an antioxidant peptide that targets mitochondria, has
demonstrated beneficial effects in various diseases due to its
potent antioxidant and neuroprotective properties. Studies have
shown that SS31 ameliorates oxidative damage induced by
ICH by reducing reactive oxygen species generation, alleviating
lipid peroxidation, and enhancing antioxidant enzyme activity.
Additionally, SS31 significantly attenuates neurological deficits,
brain edema, neuronal apoptosis, and blood-brain barrier
disruption after ICH. The specific mechanism involves activating
the Nrf2 signaling pathway, increasing mtDNA copy number, and
reversing mitochondrial dysfunction (Zhou et al., 2023). Previous
studies have indicated that astaxanthin improves mitochondrial
function in SH-SY5Y neuronal cells exposed to 1-methyl-4-
phenylpyridine and suggests its potential as a therapeutic agent
for neurodegenerative diseases (Lee et al., 2011). In an ICH rat
model treated with astaxanthin in the cortex region, it was observed
that Cyt C release from mitochondria was reduced along with
down-regulation of Bax/Bcl-2 ratio and inhibition of caspase-3
activity. These changes in apoptosis-related indicators support the
role of astaxanthin in improving mitochondrial function after ICH
(Wang et al., 2019).

7 Summary

Mitochondria, being a crucial organelle in the body, actively
participate in various cellular processes and are also exposed
to diverse biochemical stimuli. Detrimental biochemical stimuli
alter the cellular environment where mitochondria reside and
induce a permeability transition in these organelles. With further
research advancements, scholars have discovered that the transition
of mitochondrial permeability is triggered by the opening of
mPTP. The specific composition of mPTP remains controversial;
however, several conformational models have been proposed by
scholars including CypD, ANT, VDAC, PiC, ATP synthase, and
SPG7 as potential candidates for mPTP composition. Studies
have revealed that the opening of mPTP disrupts mitochondrial
morphology and function while exacerbating cell damage. This
mechanism may be associated with pathological processes such
as oxidative stress, apoptosis, cell necrosis, autophagy, ferroptosis
among others – all commonly observed after ICH. Therefore,
targeting mPTP represents a promising treatment approach for
improving secondary injury following ICH. However, current
research primarily exists in animal experiments with limited
clinical investigations conducted thus far. In future studies on
both the composition of mPTP and its precise involvement
in secondary injury after ICH are required to provide clearer
directions for ICH treatment.
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Novel work in adult zebrafish, Danio rerio, to recapitulate human 
neurodegenerative disease has proven useful in both pharmaceutical 
development and research on genetic disease. Due to high genetic homology 
to humans, affordable husbandry, relatively quick life cycle breeding times, 
and robust embryo production, zebrafish offer a promising model to test 
pharmaceutical performance in a high throughput, in vivo setting. Currently, 
most research in zebrafish models of Parkinson’s disease induces the disease 
in larval or embryonic stage organisms due to ease of administration, with 
advancement through developmental stages taking only a matter of days. The 
use of early-stage organisms limits the usability of zebrafish as models for adult 
disease and specifically age-related neurodegenerative conditions. Recently, 
researchers have sought to extend the usability of zebrafish into models for 
Parkinson’s disease. Specifically, 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) has emerged as a prodrug that upon injection well-encompasses the 
biochemical mechanisms and symptomology associated with Parkinson’s 
disease. By utilizing MPTP in an adult zebrafish model, advancements in 
Parkinson’s disease research may be achieved. This paper highlights the recent 
research on this model, comparing it to the human form of Parkinson’s disease.

KEYWORDS
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Introduction

Parkinson’s Disease (PD) is a neurodegenerative disorder that affects nearly 10 million 
patients worldwide. Several symptoms of the disorder include neurological-based dysfunction, 
such as tremor, muscle stiffness, impaired balance, confusion, insomnia, difficulty speaking, 
and smooth muscle spasms (Armstrong and Okun, 2020; Parkinson’s Foundation, 2024). 
Several mechanisms are involved in the disease, stemming from both environmental and 
genetic components. Specifically looking at the pathophysiology of the disease, PD damages 
the dopaminergic (DA) neurons located in the substantia nigra and the diencephalon, the 
portion of the midbrain responsible for sensory and autonomic control and processing (Tabrez 
et al., 2012). Alpha-synuclein, a protein responsible for neurotransmitter and synaptic vesicle 
trafficking, is overproduced due to the upregulation of the SCNA (synuclein alpha) gene in 
PD patients. This upregulation causes the accumulation of alpha-synuclein, creating plaques 
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that are responsible for several synucleinopathic neurodegenerative 
diseases, including PD (Stefanis, 2012). The aggregation of alpha-
synuclein plaques at the synaptic cleft eventually prevents 
neurotransmitter signaling, causing dopamine production to lower. 
As these plaques continue to accumulate, dopamine transmission 
occurs at lower levels until the neurons are eventually tagged for 
apoptosis, or programmed cell death. These plaques can accumulate 
so rapidly that lysosome cannot control the overload of alpha-
synuclein, leading to necrosis (Stefanis, 2012). The pathophysiology 
and etiology of PD has been extensively reviewed elsewhere (Poewe 
et al., 2017; Bloem et al., 2021; Zaman et al., 2021).

Due to the several genes and pathophysiological mechanisms at 
play, PD has no known cure. Current research interests in PD have 
shifted toward understanding disease mechanisms and identifying 
pharmaceuticals that could alleviate the excruciating symptoms 
instead of aiming to treat the cause (Lee et al., 2017). The current gold-
standard pharmaceutical treatments for PD are Levodopa (L-dopa) 
compounds. These compounds mimic the natural pathway 
intermediate involved in the production of dopamine. Levodopa is 
often prescribed to patients in intermediate to late-stage PD 
(Abbott, 2010).

Beyond making treatment difficult, isolation of a common 
etiology for PD and its complex pathophysiology has made it difficult 
to model. Research has focused on the use of zebrafish as models for 
PD research in recent years since the first published zebrafish paper in 
2003 (Figure 1). Its exponential growth in use as a PD model is likely 
due to affordability, accessibility, and replicability (Lam et al., 2005) of 
zebrafish. In this review article we discuss the relevance of zebrafish 
as a model organism for human PD, including the reasoning behind 
its use and its homology to human disease. We specifically highlight 

the use of neurotoxin MPTP for PD model induction, with a focus on 
comparing the very few (< 20) studies using this adult-aged model and 
a call for more uniform protocols. Finally, we end with a discussion 
on the relevance of testing of explored neurotherapeutics for PD in 
MPTP zebrafish.

Zebrafish as a model organism

Danio rerio, the zebrafish, is a species that has become popular in 
research of neurological diseases due to high genetic homology to 
humans (Mrinalini et  al., 2023). Zebrafish belong to the class 
Actinopterygii, which accounts for over half of all vertebrates 
(Lawrence and Mason, 2012). Specifically, zebrafish are teleost, 
meaning that they have complete bone formation in homology with 
most vertebrates. This homology makes zebrafish excellent in studying 
neurological diseases, bone diseases, genome editing, and embryonic 
development. In addition to high genetic homology and conserved 
biological function, zebrafish reproduce quickly. Development of the 
embryonic features occurs quickly, within 24 h of fertilization, and the 
larvae hatch around 2.5 days post fertilization. Specifically, zebrafish 
can produce 100–600 embryos at a time. This ease of breeding and 
rapid growth cycle provides researchers with a quick and easily 
renewable animal model (Chia et  al., 2022), unlike traditional 
mammalian rodent models.

Many researchers utilize the embryonic model of zebrafish in 
research, as development is modeled well in this early stage (Lee et al., 
2017). Specifically, zebrafish can be easily genetically modified during 
embryonic development. At the embryonic stage, zebrafish can 
be made fully transparent, leading to an optical advantage, allowing 

FIGURE 1

Results from a web of science search using the terms “Zebrafish”  +  “Parkinson’s Disease.” Highlighted here is the exponential growth in the use of 
Zebrafish as models for Parkinson’s disease from its first published paper in 2003. Note that although there has been a significant amount of growth 
over the last twenty years, the cumulative number of papers focused on this model is still quite small. MPTP has been used to induce PD since 2005 
and has grown in popularity. However, despite the age-related behavior of PD, a very limited number of papers have focused on using MPTP to create 
PD in adult zebrafish, as highlighted by the gray contribution to the bars each year. When this search was performed, there were only 20 total papers 
that focused on MPTP in adult zebrafish.
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researchers to observe drug effects in real-time as opposed to relying 
solely on post-sacrificial analysis. However, debate has now turned 
many researchers of neurodegenerative disease toward sexually 
mature adult zebrafish (≥ 6 months post fertilization). Due to the 
nature of neurodegenerative diseases, like PD, occurring primarily in 
adults over the age of 55, many researchers feel that adult zebrafish 
maintain developmental homology, including age-related pathology, 
to humans and should therefore be  utilized as a model for these 
diseases (Chia et al., 2022). Furthermore, it is easy to dose zebrafish 
with drugs through aquatic environment at all stages, which can 
provide ease of drug administration and decrease the need for invasive 
procedures to establish small molecule drug induced disease models 
(Lam et al., 2005).

Beyond rapid maturation, large clutch sizes, and affordability of 
husbandry, zebrafish have proven to become a beneficial research 
animal model of many neurological diseases. The human brain and 
zebrafish brain may have different configurations, but many 
homologous and highly conserved structures can be observed in both 
(Figure 2; Diotel et al., 2020). The same areas implicated by PD in 
humans are often also implicated in PD models that are created 
experimentally in zebrafish. These areas include the olfactory bulb, 
and telencephalon. The olfactory bulb is a dopaminergic-neuron 
dense region of the brain that is responsible for sense of smell and has 
a strong relationship with memory and learning (Kozol et al., 2016; 
Diotel et al., 2020). The telencephalon, or the cerebrum in humans, is 
one of the largest portions of the brain responsible for all voluntary 
motor control and most sensory processing. The diencephalon in fish, 
or equivalent to substantia nigra in humans, is a neuron-dense region 
of the brain that is responsible for nearly all coordinated movements.

Unlike commonly used invertebrate models, such as Drosophila 
melanogaster and Caenorhabditis elegans, D. rerio are vertebrate 
teleosts with orthologs of over 78% of genes found in humans (Ellis 
and Soanes, 2012). In addition to this high genetic homology, the 

catecholamine production cascade in this model is highly conserved, 
making the process nearly identical to humans. In this cascade, 
dopamine is transported by vesicular monoamine transporter 2 
(VMAT2) to signal to other neurons. The dopamine transporter 
(DAT) at the synaptic cleft on the terminal end of signaling neurons 
then releases dopamine into the synapse. On the dendritic end of a 
receiving neuron, the dopamine receptor (D1 Receptor) takes up 
dopamine, leading to the activation of cyclic adenosine 
monophosphate (cAMP). cAMP serves as a secondary messenger that 
allows for signal transduction across neurons in the central nervous 
system (Lebowitz and Khoshbouei, 2020). Specifically in zebrafish, the 
neurotransmitter pathways for noradrenergic, serotonergic, 
histaminergic, and dopaminergic systems are highly conserved and 
relevant in the discussion of PD (Anichtchik et al., 2003; Tay et al., 
2011). Due to the importance of dopamine when studying PD, the 
production of this neurotransmitter cannot go overlooked. Dopamine 
is produced from the key amino acid tyrosine. L-tyrosine is 
hydroxylated by the rate-limiting enzyme tyrosine hydroxylase (TH) 
to form the precursor to dopamine, L-DOPA (Albarran et al., 2014). 
L-DOPA can then be converted into dopamine by aromatic amino 
acid decarboxylase in microglia and in TH-positive neurons 
(Figure 3).

Zebrafish models are ideal for high-throughput small molecule 
screens. This approach can identify new drug candidates and potential 
therapeutic targets through systematic testing of various compounds 
for their impact on disease-related phenotypes (Lam and Peterson, 
2019). Due to the homology of the catecholamine production cascade, 
zebrafish models have been developed and used to study compounds 
and interventions that protect dopaminergic neurons from 
degeneration. Zebrafish models allow for the study of compounds that 
modulate dopamine levels and neurotransmitter function (Wang 
et al., 2021). Potential therapies to explore include drugs that enhance 
dopamine release, dopamine receptor agonists, or alternative 
neurotransmitter-based treatments like discovery of medications 
currently on-market (Martel and Gatti McArthur, 2020). One of the 
biggest benefits of the zebrafish model is that they are amenable to 
genetic manipulations. Researchers have explored gene therapy 
approaches, which have been extensively reviewed elsewhere (Chen 
et al., 2023; Dumbhare and Gaurkar, 2023; Muleiro Alvarez et al., 
2024), to deliver neuroprotective genes to dopaminergic neurons, 
potentially slowing down their degeneration.

Beyond dopamine production, targeting molecules that improve 
mitochondrial function and energy production in dopaminergic 
neurons is a potential therapeutic strategy for PD (Prasuhn et al., 
2021) for which zebrafish models have provided invaluable insight 
(Razali et  al., 2021). The process of mitochondrial fusion in 
dopaminergic and TH-positive neurons is disrupted by PD, leading to 
higher ROS levels. This eventually results in disrupted cell energy 
pathways and can therefore cause apoptosis.

Furthermore, targeting the immune response in the brain may 
help mitigate neurodegeneration in PD (Cai et  al., 2022). 
Neuroinflammation is an important aspect of PD pathology, and 
zebrafish as a model may aid in identifying anti-inflammatory agents 
that modulate the immune response within the central nervous system 
and reduce neuronal damage (Araújo et al., 2022). Neuroinflammation 
associated with PD includes activated glial cells and increased levels 
of tumor necrosis factors (TNFs), IFNγ, IL-1, IL-6, IL-2, 
CXC-chemokine ligand 8 (CXCL8), and monocyte chemoattractant 

FIGURE 2

Anatomy of the zebrafish brain vs a mammalian brain, highlighting 
proposed homologs. The zebrafish central zone of the dorsal 
telencephalon (Dc) is proposed to be homologous to the 
mammalian cortex. The lateral zone of the dorsal telencephalon (Dl) 
and the posterior zone of the dorsal telencephalon (Dp) are 
proposed to be homologous to the mammalian Hippocampus 
(Hipp). While the dorsomedial zone of the dorsal telencephalon (Dm) 
is proposed to be homologous to the amygdala (Am). Adapted from 
Source (Lawrence and Mason, 2012). Image copyrighted under CC-
BY Version 4.0.
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protein-2 (CCL2). Zebrafish have several homologs that are similar to 
these human cytokines, though very few are identical in function or 
form. Minimal research looks at these pro-inflammatory cytokines in 
zebrafish, nor their activation by the prodrug MPTP.

A mechanism that still remains unclear is the mechanism of 
autophagy involved in the clearance of misfolded proteins, including 
alpha-synuclein (Fellner et al., 2021). Targeting pathways that enhance 
autophagy may alleviate the accumulation of toxic protein aggregates 
in zebrafish and, potentially, in humans. Alpha-synuclein aggregation 
is a hallmark of PD. However, this pathophysiological aspect of PD is 
difficult to recapitulate in zebrafish due to the genetic differences in 
alpha-synuclein (SCNA) in humans, while fish only produce homologs 
that behave differently (SNCB and SNCG1) (Toni and Cioni, 2015). 
Alpha-synuclein and beta-synuclein are two related proteins found in 
the human brain, each with distinct roles and behaviors. Alpha-
synuclein is well-known for its involvement in PD, as it forms 
aggregate structures within neurons in humans, which is a hallmark 
of the disease (Stefanis, 2012). Zebrafish do not naturally develop 
alpha-synuclein aggregates, as they lack the SNCA gene (Lopez et al., 
2022). However, both humans and zebrafish have the protein-coding 
gene for beta-synuclein (SNCB). Beta-synuclein is a closely related 
protein to alpha-synuclein but has different properties (Toni and 
Cioni, 2015). Unlike alpha-synuclein, beta-synuclein is not commonly 
associated with PD pathology or Lewy body formation, but it appears 
to have a protective role against alpha-synuclein aggregation and 
toxicity (Calabresi et al., 2023). Zebrafish lack alpha-synuclein but 
have been shown to express the analog proteins beta-synuclein and 
gamma synuclein (Doyle and Croll, 2022). In knockdown models of 
zebrafish, beta-synuclein has proven to be  directly affiliated with 

PD-like motor and behavioral issues, making it a relevant marker in 
modeling of PD (Ninkina et al., 2021). Researchers have studied beta-
synuclein in zebrafish models to investigate its functions and its 
potential protective effects against alpha-synuclein-induced toxicity 
(Lopez et  al., 2022). This research may contribute to a better 
understanding of the interplay between these two synuclein proteins 
in the context of neurodegenerative diseases.

Zebrafish models can recapitulate some aspects of parkinsonism 
due to the anatomical, biochemical, and cellular pathologic similarities 
to human systems involved, but likely do not fully capture the diversity 
seen in human PD etiology (Gialluisi et  al., 2021). In addition to 
physiological differences, the mechanism of disease induction in these 
fish fails to account for the gradual and progressive nature of human 
PD. Human PD is characterized by progressive loss of dopaminergic 
neurons and the accumulation of alpha-synuclein over many years 
(DeMaagd and Philip, 2015). In contrast, zebrafish models often 
develop symptoms more rapidly after toxin exposure, making it 
challenging to study the long-term, age-related aspects of PD (Cassar 
et al., 2020). The pharmacokinetics of drug metabolism, blood–brain 
barrier characteristics, and drug responses can differ between 
zebrafish and humans. Therefore, drug testing results may not 
be directly translatable and must be confirmed in mammalian models 
before proceeding with development (Cassar et al., 2020; Knap et al., 
2023). Despite these differences, zebrafish models offer significant 
advantages, including rapid development, optical transparency, and 
genetic manipulability. They are particularly useful for investigating 
fundamental mechanisms of neurodegeneration and for drug 
screening (Kim and Jin, 2012). Combining insights from zebrafish 
with other animal models and human studies will be crucial for a 

FIGURE 3

Dopamine production from the amino acid, tyrosine (Albarran et al., 2014). Originally published in A Synopsis of Parkinson’s Disease, 2014 under 
Creative Commons Attribution 3.0 Unported (CC By 3.0) license. Available from: https://doi.org/10.5772/57102.
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comprehensive understanding of PD. However, due to the homology 
of catecholamine cascade, there are benefits to the use of neurotoxin 
models in zebrafish to develop appropriate therapeutics for 
PD. Specifically, we focus our discussion on the use of a neurotoxin 
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as a highly 
promising model of PD with relatively facile administration 
in zebrafish.

MPTP for modeling PD

It can be difficult to recapitulate the full complexity of any human 
disease in an animal model, but research has identified the use of 
different types of small molecule drugs that can mimic Parkinsonian 
symptoms in zebrafish. These different types of drugs to induce 
Parkinson’s in zebrafish have been explained elsewhere (Makhija and 
Jagtap, 2014). In this review, we focus on MPTP as a highly promising 
model of PD with relatively facile administration in zebrafish. The 
specific MPTP induction of PD has been used since 2004 and has 
grown in popularity, though its limitations are still up for debate. 
When a general search was performed from 2001 to 2023, there were 
only 20 total papers that focused on MPTP in adult zebrafish 
(Figure 1).

MPTP is a highly lipophilic prodrug analgesic discovered when a 
batch of desmethylprodine was produced incorrectly (Sallinen et al., 
2009). MPTP is metabolized into 1-methyl-4-phenylpyridinium 
(MPP+) once taken up by astrocytes containing monoamine 
oxidase-B (MAO-B). The MPP+ metabolite is then taken up by the 
dopamine transporter (DAT) located on DA neurons. Once this toxin 
enters the DA neuron, it inhibits oxidative-level phosphorylation in 
the mitochondria, causing necrosis (Tabrez et al., 2012). This oxidative 
stress induced by MPTP, which causes neurotoxicity, is similar to a 
well-known induction of PD in humans (Dias et  al., 2013). 
Mitochondrial dysfunction is a hallmark of PD as well. The process of 
mitochondrial fusion in dopaminergic and TH-positive neurons is 
disrupted by Parkinson’s disease, leading to higher ROS levels. This 
eventually results in disrupted cell energy pathways and can therefore 
cause apoptosis. The use of zebrafish to study mitochondrial 
dysfunction also emerging, though MPTP has not been associated 
with significant changes in mitochondrial function. This mechanism 
mimics PD by causing necrosis of DA neurons specifically located in 
the substantia nigra and diencephalon. Dopaminergic neurons are 
particularly vulnerable to these effects due to their high energy 
demands and the oxidative environment they operate in Dias et al. 
(2013). The necrosis of these cells causes the tremor and muscle 
rigidity characteristic of PD, as well as lowering free dopamine levels 
and DA neuron numbers in these regions (Anichtchik et al., 2003). 
The loss of dopaminergic neurons in the substantia nigra and other 
regions of the brain result in motor symptoms that resemble those 
seen in PD, such as bradykinesia, tremors, rigidity, and postural 
instability. The toxic mechanism of MPTP and its conversion to MPP+ 
serves as a valuable tool for creating animal models of PD in research, 
as it recapitulates some of the key pathological features of the 
condition (Mat Taib and Mustapha, 2020). However, it is important to 
note that the progression of MPTP-induced parkinsonism is often 
more rapid and severe than that of idiopathic Parkinson’s disease in 
humans, and MPTP is not considered a causative agent of idiopathic 
Parkinson’s disease in human patients.

Despite its downfalls, MPTP has emerged as a highly beneficial 
drug product in research of PD due to its pharmacodynamic behavior 
in neural tissues (Vaz et al., 2018). MPTP is beneficial due to its ability 
to recapitulate both effects on catecholaminergic production as well 
as behavioral and motor deficits. However, despite this fact most 
MPTP zebrafish models still involve the use of fish in early stages of 
development. One of the leading reasons for the use of the zebrafish 
embryonic model of PD is ease of induction, as MPTP can simply 
be dissolved to appropriate dilutions in tank water. The embryonic 
stage zebrafish are able to absorb the neurotoxic MPTP through their 
gill capillaries, causing permanent neurological deficits within hours. 
Several researchers have utilized this method and allowed the fish to 
reach sexual maturity after incubation in MPTP during the larval 
stage of development (Vaz et al., 2018; Razali et al., 2021). Figure 1 
highlights the growing interest in establishing an adult model of 
disease over the last 20 years; these adult zebrafish may more 
adequately recapitulate human aging processes and enable a more in 
depth understanding of human PD.

MPTP, combined with the use of adult zebrafish, have led to 
animal models that encompass some quantifiable and observable 
changes associated with human PD (Anichtchik et al., 2003). However, 
despite the growth of this field, the use of MPTP in adult zebrafish still 
lacks universally accepted and uniform protocols, as delivery routes 
and doses for MPTP, tissue analysis methods, and movement analysis 
methods vary widely (Vaz et al., 2018). Below, we highlight the use of 
MPTP in adult zebrafish as a model for PD by comparing the 
presentation of PD in these animals versus what is observed in human 
patients (Vaz et al., 2018). We aim to identify best practices associated 
with model development and provide guidance for the field. Although 
not a perfect recapitulation of disease, this model has the potential to 
expand upon our knowledge of PD and identify new treatment 
modalities for human clinical trials.

Adult MPTP- treated zebrafish as 
models for PD

Table 1 highlights the current experimental papers focused on the 
use of MPTP in adult zebrafish to induce models of PD. It becomes 
quite clear with the lack of experimentation being done on adult 
zebrafish that there is a lack of consistency in the procedural set up 
and the fish characteristics, which may be contributing to a lack of 
consistency in both the behavioral and neurochemical observations. 
As MPTP with zebrafish becomes an increasingly popular research 
topic for animal models of PD, several research groups have produced 
foundational knowledge that could be used in the development of a 
more uniform model. There is a lack of consistency in the age, genders, 
and strain of zebrafish being used in experimentation. In the context 
of zebrafish, “adult” typically means reaching sexual maturity which 
happens around 3 months (Singleman and Holtzman, 2014). The 
aging of zebrafish is being explored and is linked to functional changes 
(Kishi, 2004), which could impact study outcomes and make 
comparison of findings irresponsible.

The method and concentration for dosing MPTP became a point 
of debate due to the bioavailability and safe dose that could be of 
therapeutic importance. Clearly, from Table 1, the great majority of 
MPTP injections performed in adult zebrafish are intraperitoneal (IP) 
(Sallinen et al., 2009; Tabrez et al., 2012; Dias et al., 2013; Makhija and 
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TABLE 1 A summary of current literature on adult-induced parkinsonism in zebrafish using MPTP.

Fish line Procedural set up Fish characteristics Behavioral analysis Neurochemical analysis References

Injection route MPTP 
concentration

Age Gender Locomotor 
activity

Cognitive 
function

Dopamine Tyrosine 
Hydroxylase 
(TH)

Synuclein

Transgenic 

zebrafish

Tg(dat:eGFP); 

Tg(dat:tom20 

MLS:mCherry)

Cerebroventricular 

microinjection 

(CVMI)

10, 25, 35, 100 mM 10 months -  - 47% decrease in 

avg. velocity 

and distance

 - 51% increase in 

freezing

marked motor and 

olfactory function 

decline

65% of 

dopaminergic 

neuron 

mitochondria 

fragmented

 - 47% loss in 

occipital lobe

 - 25% loss in 

periventricular 

pretectal nucleus

 - 41% low in 

telencephalon

- Kalyn and Ekker 

(2021)

AB zebrafish Intraperitoneal (IP) Single dose or double 

dose of 50 μg

6 months 50:50 M:F decreased distance 

by 25% in single 

dose and 68% in 

double dose

- - TH reduced, but not 

significantly

Decreased SCNA 

and increased 

α-synuclein after 

2 doses

Sarath Babu et al. 

(2016)

Outbred and AB 

Zebrafish

Intramuscular (AM) 20, 40, 60 or 80 mg/kg Adult M:F 20% decrease in 

distance and 80% 

decrease in velocity 

9 days after 

injection

Decreased tank 

exploration

Sustained decrease 

of 30%

TH decrease shown 

via western blot

- Anichtchik et al. 

(2003)

Wild Type (WT) 

outbred long-fin 

strain

IP 0, 50, 100, 200 and 

400 μg in 1 %DMSO/

PBS

~ 1 year old 50:50 M:F No locomotor 

deficits observed

Y-maze showed that 

spontaneous 

alternation behavior 

decreased

Linked social 

behavior to 

dopamine D3 

receptor agonism 

in zebrafish

- - Bashirzade et al. 

(2022)

AB Zebrafish IP 200 μg/g body weight 3 to 4 months - Statistically 

decreased velocity 

and distance at 24 h 

post injection

Increase in freezing 

bouts that remained 

high for 96 h

- Fewer expressed TH+ 

neurons in substantia 

nigra

- Razali et al. 

(2022)

Zebrafish from a 

local aquarium

IP 100 μg/g 5 months - Significant decrease 

in length and 

distance traveled 

24 h post injection

Significant increase 

in freezing + 

significant decrease 

in rapid movement

Fold change in 

dopamine 

expression of 0.5

- - Selvaraj et al. 

(2019)

WT zebrafish IP 225 mg/kg < 8 months - 3x decrease in 

distance traveled 

and mean speed

50% decrease in 

number of line 

crossings

3-fold decrease in 

dopamine content 

from 900 to 

300 ng/g

- - Nellore et al. 

(2013)
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Jagtap, 2014), with one using a direct-to-brain approach via 
cerebroventricular (CV) administration (Kalyn and Ekker, 2021) and 
one exploring an intramuscular (IM) route (Anichtchik et al., 2003). 
These routes all lead to different pharmacokinetic profiles for MPTP, 
with bioavailability expected to vary significantly, but in all cases 
MPTP is able to affect neurologic tissue. It does appear that the direct-
to-brain, CV injection led to the greatest decrease in TH, which may 
mean that this injection route leads to the most MPTP activity in the 
brain. With regards to dosing, MPTP concentrations also varied, even 
within IP-injected studies. Omar et  al. (2023) determined toxic 
IP-injected MPTP doses, which had them settle on injections of 
100 μg/g, but other groups have still explored up to double this dose 
(Razali et al., 2021).

Due to the broad spectrum of symptoms associated with 
human PD, MPTP zebrafish studies have focused on assessing the 
fish for both their behavioral and neurochemical changes. One of 
the most consistent findings in the adult zebrafish MPTP model 
confirms that locomotor changes mimic human PD. Decreases in 
both average velocity and average distance traveled during study 
periods were consistently observed regardless of MPTP injection 
route, MPTP concentration, or precise fish age. When assessments 
were performed, cognitive function declines were also consistently 
observed. Specifically, cognitive tests have been performed to 
identify freezing periods (Selvaraj et al., 2019; Kalyn and Ekker, 
2021), similar to human bradykinesia, behavioral alterations, like 
changing swimming patterns (Anichtchik et  al., 2003; Nellore 
et  al., 2013) and decreasing in exploration of new spaces 
(Bashirzade et al., 2022). Overall, these studies all conclude that 
adult zebrafish experience similarities in movement related 
symptoms, specifically bradykinesia-like, regardless of method of 
administration of MPTP.

Though much of the groundwork establishing locomotor activity 
change and behavioral change has been replicated by several groups, 
assessing for neurotransmitter and gene expression is still being 
discovered. Dopamine expression, either the neurotransmitter form 
or dopamine transporter expression, have become an increasingly 
popular hallmark to assess for when discovering the underlying 
mechanisms of PD. After imaging of neurological tissue, counting the 
number of dopaminergic (DA) neurons has become a quantifiable way 
to determine a decrease in MPTP-treated zebrafish (Matsui and Sugie, 
2017). Some studies did quantify DA neuron losses, while others 
quantified changes in dopamine expression, with three papers seeing 
between 30 and 50% decreases in detectable dopamine after MPTP 
injection. Similar observations with TH are observed, with reductions 
in both number of TH+ neurons and in TH levels. However, around 
half of currently published assessments do not look at any 
quantification of dopamine or TH, despite their marked importance 
in human PD. A second major component associated with the 
pathophysiology of PD is the aggregation of the neural protein alpha-
synuclein. These aggregates, though a known mechanism of PD, have 
minimal in vivo research with zebrafish models. Though zebrafish do 
not have genetic markers capable of producing alpha-synuclein, they 
are able to produce sister proteins beta-synuclein and gamma1-
synuclein. Though research on the function of these other synuclein 
proteins is still emerging in zebrafish research, many studies have 
concluded that these functions are similar to alpha-synuclein in 
human adults, as highlighted above.

Although clearly an emerging model, MPTP-induction of PD 
in adult zebrafish demonstrates a lot of promise. Because zebrafish 
experience aging related phenomena, it may be  significant to 
develop a consensus of best practices regarding age at MPTP 
injection. Because the ultimate cognitive and functional decline, 
as well as dopaminergic and TH level decline is consistent 
regardless of MPTP dose or injection method, these factors do not 
currently appear to be significant when developing a PD model. 
However, as this model matures it may be significant to delineate 
biochemical changes associated with specific MPTP doses in 
order to study the various stages of neurodegenerative progression 
which could lead credence toward therapeutic discovery and 
development for PD.

Conclusion

Though the affordability, mass sample size, and high genetic 
homology makes the zebrafish model promising, much work still is 
required to bridge the gaps in knowledge. PD is a widespread 
neurodegenerative disorder affecting millions of individuals 
worldwide, manifesting with a range of debilitating symptoms, 
including tremors, muscle stiffness, impaired balance, cognitive 
impairment, and more. The disease’s complex pathophysiology 
involves genetic and environmental factors, ultimately resulting in 
the degeneration of dopaminergic neurons in critical brain regions. 
Although zebrafish offer a promising model for PD research due to 
genetic homology, the study of pro-inflammatory cytokines, reactive 
oxygen species, and mitochondrial dysfunction, all hallmarks of 
human PD, remains underexplored in this model.

As MPTP with zebrafish becomes an increasingly popular 
research topic for animal models of PD, several research groups have 
produced foundational knowledge pertaining to creating a uniform 
model. The method for dosing MPTP became a point of debate due 
to the bioavailability and safe dose that could be  of therapeutic 
importance. Two injection routes, IP and CVMI, provided 
physiological changes that mirrored some of those seen in human PD 
patients. Research in this model has focused on assessing cognitive 
function, locomotor activity, dopamine expression, and TH 
expression. One of the most well-established findings in the adult 
zebrafish MPTP model confirms that cognitive function declines 
after a working dose of MPTP. Behavioral tests assess for freezing 
periods, velocity, and behavioral alterations and have established that 
zebrafish dosed with MPTP exhibited behavioral deficits and 
cognitive decline. There has, thus far, been less consistency in other 
observed neurochemical PD-related changes, as summarized in 
Table 1.

The pursuit of PD treatments has shifted toward alleviating 
symptoms, as a cure remains elusive. However, the emergence of 
zebrafish as a valuable model organism offers hope for advancing our 
understanding of PD mechanisms and potentially identifying new 
treatment modalities. Overall, zebrafish hold great promise as a 
versatile and cost-effective model organism for studying neurological 
disorders, including PD. The continued exploration of zebrafish 
models, coupled with a better understanding of PD pathophysiology, 
may ultimately lead to new insights and potential therapies for this 
challenging disease.
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Mechanistic target of rapamycin (mTOR) plays an important role in brain 
development and synaptic plasticity. Dysregulation of the mTOR pathway is 
observed in various human central nervous system diseases, including tuberous 
sclerosis complex, autism spectrum disorder (ASD), and neurodegenerative 
diseases, including Parkinson’s disease and Huntington’s disease. Numerous 
studies focused on the effects of hyperactivation of mTOR on cortical excitatory 
neurons, while only a few studies focused on inhibitory neurons. Here 
we generated transgenic mice in which mTORC1 signaling is hyperactivated in 
inhibitory neurons in the striatum, while cortical neurons left unaffected. The 
hyperactivation of mTORC1 signaling increased GABAergic inhibitory neurons 
in the striatum. The transgenic mice exhibited the upregulation of dopamine 
receptor D1 and the downregulation of dopamine receptor D2  in medium 
spiny neurons in the ventral striatum. Finally, the transgenic mice demonstrated 
impaired motor learning and dysregulated olfactory preference behavior, 
though the basic function of olfaction was preserved. These findings reveal that 
the mTORC1 signaling pathway plays an essential role in the development and 
function of the striatal inhibitory neurons and suggest the critical involvement 
of the mTORC1 pathway in the locomotor abnormalities in neurodegenerative 
diseases and the sensory defects in ASD.

KEYWORDS

mTOR, inhibitory neuron, dopamine receptor, medium spiny neuron, olfactory 
tubercle, olfactory behavior

1 Introduction

mTOR is an evolutionarily conserved Ser/Thr protein kinase. It interacts with multiple 
proteins and forms two distinct protein complexes, termed mTORC1 and mTORC2 (Albert 
and Hall, 2015). mTORC1 is a master growth regulator involved in various cellular processes, 
including cell growth, proliferation, and survival. Several environmental cues can stimulate 
the mTORC1 pathway, including energy, stress, amino acids and growth factors (Foster and 
Fingar, 2010). mTORC1 promotes protein synthesis by phosphorylation of p70 S6 kinase 
(S6K1 and S6K2) and eukaryotic initiation factor 4-binding protein (4EBP1 and 4EBP2). As 
mTORC1 is an important regulator of many cellular processes, dysregulation of mTORC1 
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signaling contributes to a variety of human diseases, including cancer 
and metabolic diseases (Laplante and Sabatini, 2012). mTORC1 also 
plays an important role in development and synaptic plasticity in the 
central nervous systems (CNS) (Jaworski and Sheng, 2006). 
Dysregulation of mTORC1 signaling is observed in several human 
CNS disorders, such as tuberous sclerosis complex (TSC), fragile X 
syndrome, and neurodegenerative diseases (Orlova and Crino, 2010; 
Busquets-Garcia et  al., 2013; Sato et  al., 2012; Bové et  al., 2011). 
Animal models of these mTORC1-related diseases are conventionally 
established by loss of Tsc1, Tsc2 or Pten, but our group previously 
generated transgenic (Tg) mice expressing a gain-of-function mutant 
of mTOR (Kassai et  al., 2014), which directly and constitutively 
activates the mTORC1 signaling. Excitatory neuron-specific activation 
of mTORC1 signaling in the forebrain leads to lethal seizure and 
recapitulates TSC and neurodegeneration. However, little is known 
about the mTORC1 dysregulation in inhibitory neurons.

Medium spiny neurons (MSNs) are a specific type of GABAergic 
inhibitory neurons which represents 90% of the neurons in human 
dorsal striatum (neostriatum, caudate putamen). The dorsal striatum 
controls the motor and reward systems. MSNs have two characteristic 
subtypes, called dopamine receptor D1-expressing (D1-type) and 
dopamine receptor D2-expressing (D2-type) MSNs (Yager et  al., 
2015). D1- and D2-type MSNs are mainly involved in striatal direct 
and indirect pathways, respectively. The dyscoordination of D1-type 
and D2-type MSNs is observed in neurodegenerative diseases, 
including Parkinson’s disease and Huntington’s disease. In recent 
studies, dysregulation of mTORC1 signaling is shown to contribute to 
the dysfunction of MSNs in these neurodegenerative diseases (Santini 
et al., 2009; Pryor et al., 2014). Further, the involvement of the dorsal 
striatal activation of mTORC1 signaling in the repetitive behaviors in 
ASD was recently shown using Tsc1-KO mouse model (Benthall et al., 
2021). However, it is unclear how activation of the mTORC1 pathway 
directly affects D1- or D2-type MSN population of the striatum and 
how the discoordination of MSNs affects the downstream neuronal 
circuits. Moreover, the ventral striatum, which includes nucleus 
accumbens and olfactory tubercle (OT), also processes the motivation, 
reward, and fear (Ikemoto, 2007). Though the ventral striatum 
contains D1- and D2-type MSNs and is dysregulated in psychiatric 
disorders, almost no studies have analyzed the relationship between 
mTORC1 signaling and neuronal dysfunction in the ventral striatum.

There are a few animal models of mTOR-related diseases focusing 
on the inhibitory neurons. GABAergic interneuron-specific Tsc1-KO 
mice using Dlx5/6-Cre mice showed impaired growth and decreased 
survival with seizure susceptibility (Fu et al., 2012). The conditional 
Tsc1-KO mice had enlarged soma size and impaired migration of the 
cortical interneurons. Somatostatin (SST)-specific and parvalbumin 
(PV)-specific conditional KO of Tsc1 also demonstrated the disrupted 
morphological and functional development of cortical interneurons 
and deficits in social behavior (Malik et al., 2019; Amegandjin et al., 
2021). These studies suggest that hyperactive mTORC1 signaling in 
cortical interneurons may be responsible for human TSC patient-like 
spontaneous seizures and ASD-related social abnormalities. 
ASD-related behavioral phenotypes are also observed in an animal 
model generated by deleting Pten gene in SST-specific and PV-specific 
interneurons (Shin et  al., 2021). The conditional Pten-KO mice 
exhibited impaired motor learning and social deficits. However, most 
of those animal models with hyperactivation of mTORC1 pathway in 
inhibitory neurons showed abnormalities according to the dysfunction 

of cortical interneurons. Only a few studies have focused on the 
mTORC1 function in the striatum and almost no animal models were 
generated to figure out the mTORC1 contribution to the development 
and function in striatal MSNs.

In the present study, to address mTORC1-specific contribution in 
the function of dorsal and ventral striatum, we generated Tg mice in 
which mTORC1 signaling is constitutively activated in the dorsal and 
ventral striatal MSNs. Hyperactivation of mTORC1 increased the cell 
number and the cell size of GABAergic inhibitory neurons in the 
striatum, and the Tg mice exhibited impaired motor learning. 
Furthermore, the hyperactivation of mTORC1 increased D1-type 
MSNs, while decreasing D2-type MSNs in the OT, and olfactory 
preference behavior was disrupted in the Tg mice. Taken together, the 
mTORC1 signaling plays a critical role in the proliferation and 
function of the striatal MSNs.

2 Materials and methods

2.1 Mice

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of the University of Tokyo (Permit No. 
P21-038 and A2023M004) and were conducted in accordance with 
the guidelines of the University of Tokyo. All mice were housed under 
specific pathogen-free conditions with a temperature of 23 ± 1°C, 
humidity of 50 ± 10%, a 12-h light/12-h dark cycle (light: 8:00–20:00/ 
dark: 20:00–8:00), in cages with food and water available ad libitum.

Dlx1-CreERT2 mice (JAX stock #014551) (Taniguchi et al., 2011) 
and ROSA26R-lacZ mice (JAX stock # 003474) (Soriano, 1999) were 
provided by Dr. Hiroki Kurihara. CAG-mTOR Tg mice were generated 
as described previously (Kassai et al., 2014). In CAG-mTOR Tg mice, 
active mTORSL1 + IT can be conditionally expressed upon excision of the 
loxP-flanked neo gene in response to Cre-loxP recombination. 
CAG-mTOR Tg mice were crossed with Dlx1-CreERT2 mice to obtain 
Dlx1-mTOR Tg mice (Dlx1-CreERT2/+; CAG-mTORSL1 + IT/+) and the 
control mice (CAG-mTORSL1 + IT/+). Genetic background of the Tg 
mice used in this study was a hybrid of C57BL/6 and ICR. For 
induction of Cre recombinase activity, tamoxifen (T5648, SIGMA) 
was dissolved in sesame oil and administered to the pregnant mice by 
oral gavage at a dose of 0.1 mg/g body weight at 12.5 day postcoitum 
(dpc), and the pups were used for the histological and behavioral 
experiments. For behavioral tests, 8- to 14-week-old mice were used, 
and mice were placed in the testing room for at least 1 h to acclimate 
to the experimental environments. In open field test, Y-maze test, 
elevated plus maze test and rota-rod test, male and female mice were 
analyzed separately. In olfactory habituation and dishabituation test, 
buried food-seeking test and three-chamber odor preference test, both 
male and female mice were included in the same analyses. For 
histological analysis, 14-week-old mice were used.

2.2 β- galactosidase staining

Mice were deeply anesthetized and perfused with 4% 
paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4, PB). The 
fixed brains were immersed in 4% PFA for 2 h and transferred to 30% 
sucrose in 0.1 M PB. The brains were embedded in the OTC compound 
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(Sakura Finetek Japan). Sections of 30-μm-thickness were prepared by 
using a cryostat (CM1850, Leica Microsystems) and mounted on 
MAS-coated glass slides. The sections were incubated in 
β-galactosidase staining solution containing 5 mM potassium 
hexacyanoferrate (III), 5 mM potassium hexacyanoferrate (II), 2 mM 
MgCl2, and 4% X-gal in PB saline (PBS) at 37°C overnight. The slides 
were dehydrated in ethanol, and cleared in xylene, and coverslipped 
with Entellan solution (Merck). The brain sections were viewed by the 
all-in-one fluorescence microscope (BZ-X800, KEYENCE).

2.3 In situ hybridization combined with 
immunohistochemistry

In situ hybridization for Gad67, Drd1, Drd2, and c-Fos mRNAs 
was performed as described previously (Yamasaki et al., 2010) with 
minor modification. Plasmids templated for in vitro transcription for 
Gad67, Drd1 and Drd2 mRNAs were kindly provided by Dr. Masahiko 
Watanabe, and that for c-Fos mRNA was kindly provided by Dr. 
Haruhiko Bito, and Digoxigenin (DIG)- or fluorescein isothiocyanate 
(FITC)-labeled cRNA proves were prepared. Fresh-frozen mouse 
brains were sectioned into 30-μm-thickness slices using a cryostat 
(CM1850, Leica Microsystems) and mounted on MAS-coated glass 
slides. Sections were acetylated with 0.25% acetic anhydride in 0.1 M 
triethanolamine-HCl and hybridization was performed at 63.5°C for 
12 h in hybridization buffer supplemented with cRNA probes at a 
dilution of 1:1000. Post-hybridization washing was at 61°C with 
standard sodium citrate and formamide. After stringent washing, 
sections were blocked with DIG blocking solution for 30 min and 0.5% 
TSA blocking reagent (PerkinElmer) for 30 min. The detection was 
performed with a peroxidase-conjugated anti-fluorescein antibody 
(1:1000, 1 h, Invitrogen) followed by incubation with the FITC-TSA 
plus amplification kit (PerkinElmer) for FITC-labeled cRNA probe or 
with cyanin 3 (Cy3)-TSA plus amplification kit (PerkinElmer) for 
DIG-labeled cRNA probe. After inactivation of residual peroxidase 
activities by dipping sections in 1% H2O2 for 30 min, sections were 
subjected to immunostaining.

Immunostaining for phosphorylated S6 (p-S6) was carried out 
after in situ hybridization. Sections were incubated in a blocking 
solution containing 10% donkey serum and 0.2% Triton X-100 in PBS 
for 30 min. Sections were immunostained with primary antibody 
against p-S6 ribosomal protein (Ser235/236) (1:500; #2211, Cell 
Signaling Technology) overnight at 4°C. The bound antibody was 
visualized with Cy3 conjugated secondary antibody (1:400; 711-166-
152, Jackson ImmunoResearch) or Alexa-488 conjugated secondary 
antibody (1:400; A11008, Invitrogen) and Hoechst 33258 (SIGMA) 
was used for staining of cell nuclei. Slides were coverslipped with 
Vectashield Mounting Medium (H-1000, Vector Laboratories). The 
brain sections were viewed by the all-in-one fluorescence microscope 
(BZ-X800, KEYENCE). To analyze horizontal limb of the diagonal 
band of Broca (HDB) and magnocellular preoptic area (MCPO), 
we  used the right and left sides of a single coronal section at the 
coordinates of 0.14 mm from bregma. To analyze the other brain 
regions, we used 2 to 3 coronal sections at the coordinates of 0.5 to 
1.18 mm from bregma. Each brain region was identified by aligning 
the sagittal axis and comparing the sections to the brain atlas (Paxinos 
and Franklin, 2001). Cell number, fluorescence intensity, and soma 
size were automatically measured using a hybrid cell count application 

(BZ-H4C and BZ-H4CM) in the BZ-X analyzer software (BZ-H4A, 
KEYENCE).

2.4 Open field test

The open field test was used to assess anxiety and locomotor 
activity as described previously with minor modifications (Saito et al., 
2020, 2021). A circular arena (diameter: 75 cm) was used with a wall 
to prevent mice from escaping (height: 35 cm). The area 50 cm from 
the center of the circle is defined as the inner zone, and the area 
outside the inner zone is defined as the outer zone. During the test, 
mice were placed in the center of the circular arena and allowed to 
explore freely for 10 min under the moderate light condition (30 lux), 
and the total distance traveled was recorded and scored by Smart V3.0 
tracking software (Panlab).

2.5 Y-maze test

The Y-maze test was used for the assessment of spatial working 
memory in mice as described previously (Saito et  al., 2020). The 
Y-maze consists of 3 arms that are the same length and have the same 
distance from each other (50 cm long, 12 cm high, and 4 cm wide). The 
light conditions on each arm were adjusted to 35 ± 2 lux. The mouse 
was placed in the center of the maze and allowed to explore freely for 
10 min. The number of arm entries and the number of triads were 
recorded to calculate the percentage of spontaneous alternation. 
Spontaneous alternation behavior was defined as the entry into all 
three arms (i.e., arm A, arm B, and arm C) on consecutive choices in 
triplet set (i.e., ABC, ACB, BAC, BCA, CAB, and CBA). The percentage 
of spontaneous alternation behavior was calculated as the percentage 
of actual alterations to possible alternations, defined as (the total 
number of arm entries – 2).

2.6 Elevated plus maze test

An elevated plus maze test was used to assess anxiety-related 
behavior in mice as described previously (Saito et  al., 2020). The 
elevated plus maze apparatus consists of two opposing open 
(25 cm × 8 cm) and two closed arms (25 cm × 8 cm × 20 cm), linked by 
a neutral area (8 cm × 8 cm) in the center of the apparatus. The entire 
apparatus was elevated to a height of 5 cm above floor level. The light 
intensity was adjusted to 20 and 15 lux for open and closed arms, 
respectively. The mouse was placed in the center of the maze facing 
the open arm. The mouse was allowed to freely explore the maze for 
10 min, and the number of arm entries and the amount of time spent 
in each arm were recorded.

2.7 Rota-rod test

In order to assess motor coordination and motor learning, 
we  performed the rota-rod test, using Rota-Rod Treadmill 
(MK660C, Muromachi Kikai), as described previously (Sakai 
et al., 2019). The mouse was placed on a rotating rod with a 30 mm 
diameter that accelerated from 4 to 40 rpm over 300 s. The 
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maximum observation time was 300 s with constant acceleration, 
and the latency to fall was recorded. The rod was cleaned by 
ethanol between the trials. The test was performed on 5 
consecutive days under bright-light conditions (approximately 
800 lux).

2.8 Olfactory habituation and 
dishabituation test

Olfactory habituation and dishabituation test was performed to 
assess basic olfactory function and olfactory discrimination (Yang and 
Crawley, 2009). In this test, acclimation to the test cage was conducted 
in the separate room from the test room to prevent the mice from 
exposing the odors before the test. For acclimation to the novel test 
cage, the mouse was placed in an empty cage and allowed to explore 
freely for 45 min under the room light conditions (approximately 800 
lux). Three odors were presented to the mouse: water (control), vanilla 
(McCormick), and almond extract (McCormick) (1:100 dilution). 
Fifty μl of the odors were pipetted onto the tip of the cotton swab. The 
cotton swab was placed on the wire top of the cage. Each odorant was 
presented to the mouse 3 times consecutively for 2 min each. Sniffing 
time was recorded. Active sniffing was defined as the mouse directing 
its nose 2 cm or closer to the tip of the swab. To analyze the olfactory 
habituation, the sniffing time of the first and third time of the same 
odor was compared. To analyze the olfactory dishabituation, the 
sniffing time was compared between the familiar and novel odors.

2.9 Buried food-seeking test

The buried food-seeking test is used to assess olfactory function 
and odor-induced food-seeking motivation in mice (Machado et al., 
2018). Prior to the test, mice were deprived of food for 22 h. Fresh 
wood bedding was laid in the test cage and 3 g of food pellets were 
buried 2 cm or 8 cm beneath the surface. The mouse was placed in the 
cage under room light conditions (approximately 800 lux) and the 
latency to reach the food was recorded.

2.10 Three-chamber odor preference test

Three-chamber odor preference behavior test was conducted as 
previously described with minor modification (Fitzgerald et al., 2014). 
Rectangular, three-chambered opaque Plexiglas box (BS-402260, 
BrainScience Idea) was used. The apparatus is separated into three 
chambers (each chamber is 20 cm long, 40.5 cm wide, 22 cm high) by 
transparent plates with the door (50 mm width × 80 mm height). Two 
plastic cups covered with aluminum foil were placed on either side of 
the chamber (right and left chamber) to contain the odorants. The 
light condition was 15 lux. This test consists of 2 sessions: a 
familiarization session and a test session. During the familiarization 
session, the mouse was placed in the three-chamber arena and allowed 
to explore freely for 10 min. During the testing period, 3 g of crushed 
peanuts were placed in one of two plastic cups. In the other plastic 
cup, cotton soaked in 300 μL of 10% 2,4,5-trimethylthiazole (TMT) 
(T1068, TCI Chemical) was placed, and the mouse was allowed to 
explore freely for 10 min. TMT is a component of fox urine, and it is 

used to induce unconditioned fear and avoidance in mice (Buron 
et al., 2007). The amount of time spent in each chamber was recorded.

2.11 The c-Fos mapping analysis

The c-Fos mapping analysis by in situ hybridization was performed 
to detect c-Fos expression after the three-chamber odor preference 
test. The mice that had never performed the behavior tests were 
divided into two groups, the control group and the experimental 
group. Three-chamber odor preference tests were performed on the 
mice in the experimental group as described above. The mice in the 
control group were placed in the three-chamber with the plastic cups 
only containing cotton moistened with 300 μL milli-Q water instead 
of peanuts or 10% TMT. One hour after the experiment, the mice were 
dissected, and the brain sections were used for the in situ hybridization 
for c-Fos mRNA.

2.12 Statistical analysis

The significance of differences (p < 0.05) was assessed by Welch’s 
t-test for comparison of two groups. In multiple comparison, the 
significance of differences was evaluated using the analysis of variance 
(ANOVA) with two-way repeated measure, followed by multiple 
comparison post hoc test; Sidak’s for rota-rod tests and c-Fos mapping, 
and Fisher’s LSD test for olfactory habituation and dishabituation tests 
and odor preference tests. All data are expressed as the mean ± standard 
error of the mean (SEM). The detailed statistical methods and values 
are described in Supplementary Table S1.

3 Results

3.1 Activation of mTORC1 in striatal MSNs

To examine how activation of mTORC1 pathway affects MSNs in 
the striatum, we used CAG-mTOR Tg mice in which hyperactive 
mutant mTORSL1 + IT can be conditionally expressed upon excision of 
the loxP-flanked neo gene in response to Cre-loxP recombination 
(Kassai et al., 2014; Sakai et al., 2019). The mutant mTORSL1 + IT can 
retain its kinase activity toward the mTORC1 pathway but not the 
mTORC2 pathway under the starvation condition in the cultured cells 
(Ohne et al., 2008) and brains (Kassai et al., 2014). CAG-mTOR Tg 
mice were crossed with Dlx1-CreERT2 mice to obtain Dlx1-mTOR Tg 
mice (Dlx1-CreERT2/+; CAG-mTORSL1 + IT/+) (Figure  1A). Cre 
recombinase activity was induced by administering tamoxifen to the 
pregnant mice at 12.5 dpc, when the Dlx1 promoter is highly active in 
the ventral neural precursors of the ganglionic eminences. The 
ganglionic eminences contain three subregions; lateral, caudal, and 
medial ganglionic eminences (LGE, CGE, and MGE). Inhibitory 
neurons derived from MGE and CGE are distributed in the cerebral 
cortex, while inhibitory neurons of the striatum and olfactory bulb are 
derived from LGE. With the single administration of tamoxifen at 12.5 
dpc, Cre-loxP recombination was expected to induce activation of 
mTORC1 pathway within the LGE, leaving MGE and CGE unaffected. 
To visualize tamoxifen-induced Cre-loxP recombination in the brain, 
Dlx1-CreERT2 and Dlx1-mTOR Tg mice were crossed with lacZ 
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reporter mice (ROSA26R-lacZ mice). Dlx1-CreERT2 mice did not 
show leaky expression of Cre recombinase without tamoxifen 
administration. Upon tamoxifen administration, both Dlx1-CreERT2 
and Dlx1-mTOR Tg mice expressed Cre recombinase prominently in 
the dorsal and ventral striatum leaving the cortical cortex scarcely 
affected (Figure 1B).

3.2 GABAergic neurons are increased in the 
ventral striatum upon induction of active 
mTOR

Dlx1-mTOR Tg mice are viable with no overt abnormality in their 
appearances. We  first observed the brain morphology and the 
distribution of Cre-activated cells of Dlx1-mTOR Tg mice using lacZ 
reporter mice. Though active mTOR in excitatory neurons leads to 
impaired neuronal migration (Kassai et al., 2014), the cell distributions 
of lacZ-positive cells in Dlx1-mTOR Tg mice were not different from 
those in Dlx1-CreERT2 mice (Figure  1B). To perform a detailed 
analysis on the differences caused by the induction of active mTOR in 
the striatum, we made histological and behavioral analysis on Dlx1-
mTOR Tg mice (Dlx1-CreERT2/+; CAG-mTORSL1 + IT/+). 

CAG-mTORSL1 + IT/+ mice were used as the experimental control mice 
in the following experiments. We  examined the activation of the 
mTORC1 pathway in the striatum by immunohistochemical analysis 
for phosphorylation of ribosomal S6 protein, which is used as a 
readout of mTORC1 activity. The density of p-S6-positive cells was 
increased in the striatum of Dlx1-mTOR Tg mice (Figures 2E, 3E), 
while that in the cerebral cortex was not significantly different between 
Dlx1-mTOR Tg and the control mice (Supplementary Figures S1A,E). 
To confirm the activation of mTORC1 pathway in the inhibitory 
neurons, we carried out in situ hybridization for Gad67 mRNA and 
immunohistochemistry for p-S6 simultaneously in HDB/MCPO, 
where Gad67-positive neurons most densely exist among the ventral 
striatum (McKenna et al., 2013, Figure 2A). Dlx1-mTOR Tg mice 
showed increased Gad67-positive GABAergic inhibitory neurons 
compared to the control mice (Figures 2A,B). The soma size of Gad67-
positive GABAergic inhibitory neurons was also increased in Dlx1-
mTOR Tg mice (Figure 2C), while the intensity of Gad67 mRNA was 
not significantly changed (Figure 2D). The double staining confirmed 
that 99% of p-S6-positive mTORC1-hyperactivated neurons were 
Gad67-positive. While Gad67-positive GABAergic inhibitory neurons 
increased in the ventral striatum, the cell density and soma size of 
Gad67-positive GABAergic inhibitory neurons in the cerebral cortex 
were not significantly different between Dlx1-mTOR Tg and the 
control mice (Supplementary Figures S1A–C).

3.3 Active mTOR dysregulates the 
expression pattern of the dopamine 
receptors in MSNs

MSNs expressing Drd1and Drd2 in the striatum are derived from 
the subventricular zone progenitors of LGE, and Dlx1 serves a 
regulatory role in the development of the MSNs (Anderson et al., 
1997). To investigate the physiological roles of active mTOR in the 
differentiation of the MSNs, we carried out in situ hybridization for 
Drd1 and Drd2 mRNA in the OT (Figure 3). D1- and D2-type MSNs 
are densely clustered in the OT, and make up  90% of all the OT 
neurons (Cansler et al., 2020). The number and soma size of Drd1-
positive MSNs were increased in the OT of Dlx1-mTOR Tg mice 
(Figures 3A,C,D). p-S6-positive cells were increased in the OT of 
Dlx1-mTOR Tg mice (Figure 3E) and signals for Drd1 mRNA and for 
p-S6 were overlapped (Figure 3A), suggesting that hyperactivation of 
mTORC1 pathway increases the Drd1-positive MSNs. While Drd1-
positive MSNs were increased, Drd2-positive MSNs were decreased in 
the OT of Dlx1-mTOR Tg mice, compared to the control mice 
(Figures  3B,F). The Drd2 signals and p-S6 signals were mutually 
exclusive (Figure 3B), and the soma size of Drd2-positive MSNs was 
not significantly changed in the OT of Dlx1-mTOR Tg mice 
(Figure  3G). These results demonstrate that hyperactivation of 
mTORC1 pathway in MSNs of the OT dysregulates the dopamine 
receptor expression pattern, leading to the increase of D1-type MSNs 
and the decrease of D2-type MSNs.

We also analyzed the expression pattern of dopamine receptors in 
the dorsal striatum of Dlx1-mTOR Tg mice (Figure 4). Though p-S6-
positive cells tended to increase in the dorsal striatum of Dlx1-mTOR 
Tg mice (Figures  4A,B,G, p = 0.057), which suggests a potential 
elevation in mTORC1 activity in this region, no significant differences 
were observed in cell number or soma size of Drd1- and Drd2-positive 

FIGURE 1

Hyperactivation of the mTORC1 pathway in dorsal and ventral 
striatum. (A) Transgenic strategy for conditional expression of active 
mTOR kinase by the Cre-loxP system. Excision of the floxed neo 
gene by Cre recombinase induces the expression of active mTOR 
driven by CAG promoter. The Dlx1 promoter drives CreERT2 
expression, followed by Cre activation induced by tamoxifen 
administration at 12.5 dpc. (B) Expression pattern of Cre recombinase 
in Dlx1-CreERT2 and Dlx1-mTOR Tg mice. Dlx1-CreERT2 and Dlx1-
mTOR Tg mice were crossed with Cre-activatable lacZ reporter mice 
(ROSA26R-lacZ), and administered tamoxifen at 12.5 dpc. The brain 
sections were stained with X-gal. Dlx1-CreERT2 mice without 
tamoxifen administration showed no leaky expression of Cre 
recombinase. Cre expression was restricted in the dorsal and ventral 
striatum in both Dlx1-CreERT2 and Dlx1-mTOR Tg mice. TAM: 
tamoxifen. Scale bars, 500  μm.
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cells between Dlx1-mTOR Tg and the control mice (Figures 4C–F). 
Taken together, these results demonstrate that hyperactivation of 
mTORC1 pathway in MSNs dysregulates the dopamine receptor 
expression pattern in the ventral striatum, while leaving MSNs in the 
dorsal striatum apparently unaffected. Since we aimed to restrict the 
Cre-loxP recombination to the inhibitory neurons in the striatum, 
we apply the single administration schedule of tamoxifen at 12.5 dpc. 
The hyperactivation of mTORC1 pathway in MSNs in dorsal striatum 
was possibly insufficient to alter the expression of dopamine receptors 
or make morphological changes, while it might affect the functional 
differences of MSNs between Dlx1-mTOR Tg and the control mice.

3.4 Hyperlocomotion and dysfunction of 
motor learning in Dlx1-mTOR Tg mice

We found that activation of mTORC1 signaling in the MSNs of 
the striatum resulted in increased cell number and size of GABAergic 
neurons in the ventral striatum. To investigate how these changes in 
GABAergic neurons affect mouse behaviors, we performed several 
behavioral experiments. First, to assess the general locomotor activity 
and anxiety-like behavior, we conducted the open field test. The total 
distance traveled and mean speed of locomotion in male Dlx1-mTOR 
Tg mice were increased compared to the control mice (Figures 5A,B), 
though only the total distance traveled in Dlx1-mTOR Tg mice was 
increased in the female cohort (Supplementary Figures S2A,B). These 

results indicate that the hyperactivation of mTORC1 pathway in the 
MSNs led to the increased general locomotor activity. The transition 
number between outer and inter zones was not different between two 
groups (Figure 5C; Supplementary Figure S2C). The time spent in the 
outer zone was not changed (Figure 5D; Supplementary Figure S2D), 
suggesting that Dlx1-mTOR Tg mice did not exhibit anxiety-like 
behavior. Second, to assess the spatial working memory, we performed 
Y-maze test. The percentage of spontaneous alternation and the 
number of total entries were not significantly different in Dlx1-mTOR 
Tg mice compared to the control mice (Figures  5E,F; 
Supplementary Figures S2E,F). Next, we conducted an elevated plus 
maze test to assess anxiety-related behavior in Dlx1-mTOR Tg mice. 
There were no significant differences in the number of total arm 
entries or time spent in open arm between Dlx1-mTOR Tg mice and 
the control mice (Figures 5G,H; Supplementary Figures S2G,H).

Dysregulation of the MSNs in the striatum is associated with the 
motor dysfunction seen in Parkinson’s and Huntington’s diseases 
(Chu, 2020; Ehrlich, 2012). Actually, animals with the dysfunction of 
D1- and D2-type MSNs cause the impairment of the motor behaviors 
(Bateup et al., 2010; Liang et al., 2022). Therefore, to confirm whether 
hyperactivation of mTORC1 signaling in the MSNs affects motor 
coordination and learning, we performed the rota-rod test. Dlx1-
mTOR Tg mice showed a significant deficit in the ability to maintain 
balance on a rotating rod compared to the control mice on day 4, and 
relatively on day 5 (p = 0.07) (Figure 5I), while there was no significant 
difference in body weight between Dlx1-mTOR Tg and the control 

FIGURE 2

Increase of the cell density of GABAergic neurons by hyperactivation of mTORC1 pathway. (A) In situ hybridization for Gad67 (green) and 
immunohistochemistry of p-S6 (red) in the ventral striatum of control and Dlx1-mTOR Tg mice. The cell density (B) and the soma size (C) of GABAergic 
neurons were increased in Dlx1-mTOR Tg mice. (D) Gad67 fluorescence intensity. The cell density of p-S6-positive cells (E) was increased in Dlx1-
mTOR Tg mice. All data are expressed as mean  ±  SEM. * p  <  0.05, **p  <  0.01, n.s.: not significant. p-value was measured by Welch’s t-test. For each 
analysis, the right and left sides of a brain slice of each mouse were analyzed (n  =  3). Scale bars, 500  μm (wide angle images); 200  μm (narrow angle 
images).
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mice (Figure  5J). The female cohort also showed significantly  
shorter time to fall on day 4 and 5  in Dlx1-mTOR Tg mice 
(Supplementary Figure S2I), though it is difficult to compare Dlx1-
mTOR Tg mice to the control mice because of the increased body 
weight in Dlx1-mTOR Tg mice (Supplementary Figure S2J).

3.5 Impaired odor preference behavior in 
Dlx1-mTOR Tg mice

Hyperactivation of mTORC1 signaling in the MSNs resulted in 
increased cell density of inhibitory neurons and p-S6-positive cells in 
the ventral striatum. The ventral striatum receives direct input from 
olfactory bulb, and includes many brain areas involved in olfactory 
behaviors, such as nucleus accumbens, OT and HDB/MCPO. To 
assess whether the active mTOR in MSNs affects the olfactory 
function, we  carried out several olfactory behavior tests. First, 
we performed the olfactory habituation and dishabituation test to 
measure the basic olfaction and olfactory discrimination behavior in 

Dlx1-mTOR Tg mice. When we repeatedly presented the same odor 
to Dlx1-mTOR Tg mice, the sniffing time was gradually decreased 
within each trial (Figure 6A, p < 0.05). On the other hand, when a 
novel odor was presented, the sniffing time was increased compared 
to familiar odors (Figure 6A, p < 0.05). These results indicated that the 
basic olfactory function and olfactory discrimination behavior were 
not impaired in Dlx-mTORC1 Tg mice.

The OT interconnects with amygdala, thalamus, hypothalamus, 
hippocampus, and brain stem, and is considered as an important area 
for multi-sensory processing (Wesson and Wilson, 2011). For 
instance, the OT is involved in the food-seeking-related motivation, 
odor preference and reward cognition (Murata et al., 2015; Fitzgerald 
et al., 2014). Therefore, we carried out the buried food-seeking test to 
assess the odor-induced food-seeking motivation of Dlx1-mTOR Tg 
mice. There was no significant difference in the latency to reach the 
reward food between Dlx1-mTORC1 Tg and the control mice 
(Figures  6B,C). Our results suggest that the odor-induced food-
seeking motivation of Dlx1-mTOR Tg mice was not affected by active 
mTOR. Next, to examine the influence of mTOR activation in MSNs 

FIGURE 3

Dysregulation of D1- and D2-expressing MSNs in olfactory tubercle by hyperactivation of mTORC1 pathway. (A) In situ hybridization of Drd1 (red) and 
immunohistochemistry of p-S6 (green) in the olfactory tubercle of control and Dlx1-mTOR Tg mice. A white arrowhead shows Drd1/p-S6 double 
positive cells. (B) In situ hybridization of Drd2 (red) and immunohistochemistry of p-S6 (green) in the olfactory tubercle of control and Dlx1-mTOR Tg 
mice. The cell density (C) and the soma size (D) of Drd1-positive cells were increased in Dlx1-mTOR Tg mice. The cell density of p-S6-positive cells 
(E) was increased in Dlx1-mTOR Tg mice. The cell density of Drd2-positive cells (F) was decreased in Dlx1-mTOR Tg mice. The soma size of Drd2-
positive cells (G) was not significantly different between both groups. All data are expressed as mean  ±  SEM. * p  <  0.05, **p  <  0.01, n.s.: not significant. 
p-value was measured by Welch’s t-test. For each analysis, 3 brain slices of each mouse were analyzed (n  =  3 for control, n  =  4 for Dlx1-mTOR Tg 
mice). Scale bars, 500 μm (wide angle images); 200 μm (narrow angle images).
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on odor preference behavior, we  performed three-chamber odor 
preference test (Figure 6D). In general, mice prefer peanuts odor and 
avoid the TMT odor, a component of fox urine, and therefore, mice 
tend to spend more time in the chamber with peanuts. In the control 
mice, time spent in the peanut chamber was significantly longer than 
that in the TMT chamber (Figure 6E). However, in Dlx1-mTOR Tg 
mice, there was no significant difference between the time spent in the 
peanut and TMT chambers. These results suggest that the preference 
for the peanut chamber was abolished in Dlx1-mTOR Tg mice.

3.6 Olfactory circuit in piriform cortex was 
altered in Dlx1-mTOR Tg mice

To assess the alteration of neural circuit in odor preference 
behavior, in situ hybridization of c-Fos in the olfactory cortex was 
performed after three-chamber odor preference test. Dlx1-mTOR Tg 
and the control mice were divided into two groups, the odor-guided 
experimental group and the odor-free control group. The three-
chamber odor preference tests were performed using peanut and 
10% TMT for the odor-guided group and using only water for the 
odor-free group. The control mice in odor-guided experimental 
group showed increased c-Fos signals in piriform cortex but not in 
other olfactory cortex areas including the OT. No significant 

difference was detected between the odor-guided and odor-free 
groups of Dlx1-mTOR Tg mice (Figures 7A,B). These results indicate 
that hyperactivation of mTORC1 pathway in MSNs altered the 
neuronal activation in the piriform cortex during the odor 
preference behavior.

4 Discussion

In this study, we demonstrated that hyperactivation of mTORC1 
signaling has a significant impact on cell size regulation and 
dopamine receptor expression patterns in striatal MSNs. We also 
showed the impaired motor learning and disrupted odor preference 
behavior in Dlx1-mTOR Tg mice. Previous animal models for mTOR 
activation in inhibitory neurons have shown enlarged soma size and 
disrupted functional development of the cortical interneurons (Fu 
et al., 2012; Malik et al., 2019; Amegandjin et al., 2021). Morphological 
and functional impairment of inhibitory neurons of the striatum of 
Dlx1-mTOR Tg mice were consistent with these results. Mice with 
SST-specific and PV-specific conditional deletion of Pten gene 
demonstrated impaired motor learning and social deficits (Shin et al., 
2021). Impaired motor learning in Dlx1-mTOR Tg mice was 
consistent with this result. However, our animal model of striatal 
specific hyperactivation of mTOR showed several different 

FIGURE 4

D1- and D2-expressing MSNs in dorsal striatum of Dlx1-mTOR Tg mice. (A) In situ hybridization of Drd1 (red) and immunohistochemistry of p-S6 
(green) in the dorsal striatum of control and Dlx1-mTOR Tg mice. (B) In situ hybridization of Drd2 (red) and immunohistochemistry of p-S6 (green) in 
the dorsal striatum of control and Dlx1-mTOR Tg mice. The cell density (C) and the soma size (D) of Drd1-positive cells. The cell density (E) and the 
soma size (F) of Drd2- positive cells. The cell density of p-S6-positive cells (G). All data are expressed as mean  ±  SEM; n.s.: not significant. p-value was 
measured by Welch’s t-test. For each analysis, 3 brain slices of each mouse were analyzed (n  =  3 for control, n  =  4 for Dlx1-mTOR Tg mice). Scale bars, 
200  μm.
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phenotypes including olfactory preference behavior from the 
other models.

With our tamoxifen administration schedule, Dlx1-mTOR Tg 
mice showed maximum induction of Cre-loxP recombination and 
resulted in highly abnormal MSNs in the ventral striatum. Ventral 
striatum not only functions as the center of reward-guided behaviors 
but also has the pivotal role in olfactory-related behaviors. We found 
that sustained activation of mTORC1 pathway impaired odor 
preference behavior, leaving the fundamental sensing of olfaction 
preserved. As D1- and D2-type MSNs in OT regulate odor-attractive 
and odor-aversive behaviors, respectively (Murata, 2020), dysregulated 
expression of dopamine receptors seems to have caused loss of 
preference for peanuts odor against TMT. Moreover, in situ 

hybridization analysis for c-Fos showed that the neuronal activation 
of the piriform cortex during the odor preference behavior was 
inhibited in Dlx1-mTOR Tg mice. Though the neural circuits 
underlying the olfactory preference behavior are still unrevealed, the 
results provide fascinating insights into the possible projection of the 
striatal MSNs to the piriform cortex regulating the odor preference 
behavior. The piriform cortex is the largest component of the olfactory 
cortex and OT has the massive input proportion from piriform cortex 
(Bekkers and Suzuki, 2013). Though the reciprocal connections 
between piriform cortex and the other olfactory cortex, including OT, 
have been revealed (Zhang et al., 2017; Wang et al., 2020), the function 
of the neuronal circuits between piriform cortex and the other 
olfactory cortex are still unclear. Further investigation is needed to 

FIGURE 5

Hyperlocomotion and dysfunction of motor learning in Dlx1-mTOR Tg mice. (A–D) Open field test. The total distance traveled (A) and the mean speed 
(B) in the open field test were increased in Dlx1-mTOR Tg mice. (C) The transition times between outer and inner zones. (D) The percentage of time 
spent in the outer zone. (E,F) Y-mase test. The percentage of spontaneous alternation (E) and total arm entries (F). (G,H) Elevated plus maze test. Total 
arm entries (G) and spent time in the open arm (H). (I,J) Rota-rod test. The latency to fall off the rotating rod (I) and the body weight at day 1 (J). All 
data are expressed as mean  ±  SEM. * p  <  0.05, n.s.: not significant. p-value was measured by Welch’s t-test, except for the rota-rod test. For rota-rod 
test, two-way ANOVA was performed to compare 2 groups, and the p-value in each day was analyzed by Sidak’s multiple comparisons test. Each point 
represents data from an individual male mouse (n  =  7).
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elucidate the neuronal mechanism underlying the olfactory 
preference behavior.

Hyperactivation of mTOR in Dlx1-mTOR Tg mice increases 
D1-type MSNs and decreases D2-type MSNs in the ventral striatum. 
Further, MSNs in the dorsal striatum might have been affected in 
Dlx1-mTOR Tg mice, since p-S6 positive cells were relatively 
increased in the dorsal striatum. Dysregulation of D1- and D2-type 
MSNs in dorsal striatum is reported in patients harboring 
neurodegenerative diseases including Parkinson’s disease and 
Huntington’s disease (Stephens et al., 2005; Cicchetti et al., 2000). To 
examine the function of D1- and D2-type MSNs, several animal 
models were generated. Conditional KO of dopamine- and cAMP-
regulated phosphoprotein Mr. 32 kDa (DARPP-32), which regulates 
dopamine signaling, in D1- and D2-type MSNs both altered motor 
behaviors (Bateup et al., 2010). While D1-expressing cell-specific 
DARPP-32 KO mice showed decreased basal locomotor activity, 
D2-expressing cell-specific DARPP-32 KO mice showed increased 
basal locomotor activity, which was consistent with our results 
showing the increased total distance traveled and mean speed of 
locomotion in Dlx1-mTOR Tg mice in open field test. D1- and 
D2-type MSNs are also important in motor learning, which was 
indicated by the impaired locomotor activity and motor learning in 
whole-body D1 and D2 KO mice (Nakamura et al., 2014). Further, 
conditional KO of D2 in indirect pathway projecting MSNs showed 

dysfunction of motor and other learning skills (Augustin et al., 2020), 
which was consistent with our results showing the impaired 
performance of Dlx1-mTOR Tg mice on the rota-rod test. Though 
the further investigation is indispensable for understanding the 
mechanism, impaired motor learning of Dlx1-mTOR Tg mice might 
have been caused by the impaired function of MSNs in 
dorsal striatam.

The striatum-specific hyperactivation of mTOR revealed that 
mTORC1 signaling plays an important role in morphological and 
functional development of MSNs and the dysregulated MSNs 
caused the impaired motor learning and odor preference. Though 
the dysregulated MSNs in dorsal striatum and the motor 
abnormalities have been already reported in patients with 
Parkinson’s disease and Huntington’s disease, our study showed the 
pivotal insight into the contribution of mTORC1 pathway to the 
motor abnormalities in neurodegenerative diseases. Further, our 
animal model showed impaired odor preference. The 
hyperactivation of mTORC1 pathway occurs in the inhibitory 
neurons of TSC patients exhibiting neuropsychiatric symptoms 
such as ASD. Our results imply the relationships between the 
sensory defects in mTOR-related neuropsychiatric disease and 
activation of mTORC1 pathway in the inhibitory neurons of the 
striatum. Further investigation is needed to elucidate the 
underlying mechanism.

FIGURE 6

Disruption of odor preference behavior in Dlx1-mTOR Tg mice. (A) The sniffing time for each odor in olfactory habituation and dishabituation test. (B,C) 
Buried food-seeking test. The latency to reach the food with 2  cm (B) and 8  cm bedding (C). (D) Schema of three-chamber odor preference test. 
(E) Time spent in each chamber during three-chamber odor preference test. All data are expressed as mean  ±  SEM. *** p  <  0.001, n.s.: not significant. 
p-value was measured by Welch’s t-test, except for the olfactory habituation and dishabituation test and the odor preference behavior test. For the 
olfactory habituation and dishabituation test and the odor preference behavior test, two-way ANOVA followed by Fisher’s LSD multiple comparisons 
test was used to calculate the p-value. Each point represents data from an individual mouse [n  =  15 for control, n  =  17 for Dlx1-mTOR Tg mice in (A–C), 
n  =  14 for control, n  =  17 for Dlx1-mTOR Tg mice in (E)].
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During postnatal brain development, maintaining a delicate balance between 
excitation and inhibition (E/I) is essential for the precise formation of neuronal 
circuits. The K+/cl− cotransporter 2 (KCC2) is instrumental in this process, and its 
dysregulation is implicated in various neurological disorders. This study utilized 
zebrafish (Danio rerio) to investigate the socio-cognitive consequences of KCC2 
disruption. Through CRISPR-Cas9 technology, biallelic kcc2a knockout zebrafish 
larvae were generated, revealing behavioral abnormalities, including impaired 
social interactions and memory deficits. Molecular analyses unveiled alterations in 
key genes associated with the GABAergic and glutamatergic systems, potentially 
contributing to E/I imbalance. Additionally, KCC2 disruption influenced the expression 
of oxytocin and BDNF, crucial regulators of social behaviors, synaptic plasticity, 
and memory formation. The study also explored the therapeutic potential of KCC2 
modulation using pharmaceuticals, showing the rescuing effects of CLP-290 
and LIT-001 on social abnormalities. However, the selective impact of LIT-001 
on social behaviors, not memory, highlights the complexity of neurobehavioral 
modulation. In summary, this study sheds light on the pivotal role of KCC2 in 
shaping socio-cognitive functions and suggests potential therapeutic avenues 
for KCC2-related neurological disorders.

KEYWORDS

K+/Cl– cotransporter 2, zebrafish (Danio rerio), memory, oxytocin, excitation inhibition 
balance

1 Introduction

A delicate equilibrium between excitation and inhibition (E/I) of neurons and neuronal 
networks is crucial for the normal functioning of the central nervous system (CNS), ensuring 
precise neural communication and information processing (Buzsáki et al., 2007; Sohal and 
Rubenstein, 2019). The K+/Cl− cotransporter 2 (KCC2/SLC12A5) is an evolutionarily 
conserved neuron-specific cation-chloride cotransporter that plays a vital role in establishing 
and maintaining this balance. KCC2 maintains neuronal chloride homeostasis and determines 
the hyperpolarizing activity of γ-aminobutyric acid A (GABAA) receptors. GABA exhibits an 
excitatory role during early brain development, transitioning to an inhibitory neurotransmitter 
in the mature brain. This dynamic nature of GABAergic transmission arises from alterations 
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in the chloride (Cl−) gradient (Kaila et al., 2014). During the initial 
stages of brain development, the Na+–K+– Cl− cotransporter 1 
(NKCC1) predominates, facilitating the intracellular accumulation of 
chloride ions. Subsequently, the activation of GABAARs triggers the 
efflux of Cl− ions, thereby inducing membrane depolarization. As the 
nervous system matures, up-regulation of the neuronal chloride 
extruder KCC2 and down-regulation of NKCC1 cause a progressive 
reduction of intracellular Cl− concentration in neurons, resulting in a 
hyperpolarizing shift of Cl− reversal potential and an excitation-to-
inhibition switch of GABAergic action (Ben-Ari et al., 2007). Besides 
the chloride extrusion function, KCC2 promotes functional 
maintenance and plasticity of glutamatergic synapses (Li et al., 2007; 
Gauvain et al., 2011; Chevy et al., 2015). In line with its pivotal role in 
regulating inhibitory and excitatory neurotransmission, alterations in 
KCC2 expression and function have emerged as a common 
mechanism underlying a range of human brain disorders, including 
epilepsy (Puskarjov et al., 2014), schizophrenia (Hyde et al., 2011), 
Rett syndrome (Banerjee et al., 2016; Hinz et al., 2019), and autism 
spectrum disorders (ASD) (Merner et al., 2015). Likewise, studies on 
rodent models have revealed that alterations in KCC2 function are 
associated with Downs syndrome, fragile X syndrome (Tyzio et al., 
2014), Rett syndromes (El-Khoury et al., 2014), and ASD (Anacker 
et al., 2019). The critical role of KCC2 in early brain development 
underscores its potential as a target for innovative therapeutic 
strategies. Consequently, there has been a surge of research on 
therapeutic strategies to safely upregulate KCC2 expression to 
promote neural inhibition (Duy et al., 2020; Tang, 2020).

KCC2 exists in two isoforms, KCC2a and KCC2b, differing by 
their N-terminal sequences but possessing comparable ion transport 
activity. The mRNA levels of the two isoforms are similar during the 
neonatal period. While KCC2b expression increases steeply across 
postnatal development, the overall expression of KCC2a remains 
relatively constant and then decreases to contribute only a part of the 
total KCC2 in the mature brain. This points to overlapping roles of 
KCC2a and KCC2b in neonatal neurons but presumably different 
roles in mature neurons (Uvarov et al., 2007; Markkanen et al., 2014). 
There is a growing body of evidence pointing to the multifaceted 
impact of KCC2 in the brain and its significance in shaping complex 
behaviors and social interactions. Rodent studies have shown that 
partial reduction and/or conditional deletion of KCC2 (both isoforms) 
led to spatial and nonspatial memory impairments, intracellular 
chloride accumulation, increased anxiety-like behaviors, seizure 
susceptibility, and hyposensitivity to thermal and mechanical stimuli 
but normal locomotor activity and motor coordination (Delpire and 
Mount, 2002; Tornberg et  al., 2005; Kreis et  al., 2023). KCC2b 
heterozygous knockout mice also exhibit altered social dominance 
behaviors and increased amplitude of spontaneous postsynaptic 
currents in the medial prefrontal cortex (PFC) (Anacker et al., 2019). 
While these studies have provided valuable insights into the functional 
roles of KCC2 and its impact on neural development and behavior, 
there is still a need for further investigation into the specific 
contributions of KCC2a and KCC2b isoforms in sociocognitive 
functions. Particularly, the precise role of KCC2a in regulating 
neurobehavioral functions remains elusive and warrants 
additional research.

The zebrafish (Danio rerio) has emerged as a promising model for 
unraveling the complexities of brain disorders, including attention-
deficit/hyperactivity disorder (ADHD), schizophrenia, and 

particularly ASD. Its genetic manipulability and inherent 
neurodevelopmental traits, which resemble those found in humans, 
offers a refreshing departure from the conventional reliance on 
rodent models (Norton, 2013; De Abreu et al., 2020). By leveraging 
these traits, zebrafish provide a valuable tool for studying the 
complexities and dynamics of human brain disorders. In recent years, 
the combined utilization of zebrafish, along with state-of-the-art 
genomic editing technologies like the CRISPR/Cas9 (Clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9) system, has emerged as a highly promising and 
efficient approach to accelerate the development of disease-relevant 
models, validate novel drug targets, and explore potential therapeutic 
interventions with significant clinical implications (Cornet et  al., 
2018). The KCC2-mediated GABA switch in zebrafish retinal neurons 
occurs at around 2.5 days post-fertilization (dpf) (Zhang et al., 2010; 
Zhang et al., 2013). Moreover, dysregulation of KCC2 expression 
impairs neural development and locomotor behaviors in zebrafish 
embryos (Reynolds et  al., 2008), revealing a structural role of 
KCC2 in brain development. In spite of this, the potential long-term 
pathophysiological effects of embryonic KCC2 dysregulation on 
social behaviors and memory in zebrafish have yet to be studied. 
Thus, this study aimed to characterize the behavioral phenotype of 
CRISPR-Cas9/pharmacological induced-KCC2-deficient zebrafish as 
well as to determine the therapeutic potential of KCC2 modulation 
in biallelic F0 kcc2a knockout (KO) animals (hereafter referred to 
as crispants).

2 Materials and methods

Adult zebrafish (Tübingen Longfin strain) were reared at the York 
University aquatic facility in a recirculating system (Aquaneering, 
USA) under a 14:10 h light/dark cycle. Temperature was maintained 
at 28 ± 1°C, conductivity between 650 and 750 μS, pH at 7.4, and 
hardness (as CaCO3) at 150 mg/L. The zebrafish were fed twice daily 
with a combination of a commercial zebrafish diet (Zeigler, USA) and 
nutritious brine shrimp (Artemia salina). For breeding, females and 
males were paired in a 2:1 ratio in breeding tanks overnight. The 
following morning, eggs were collected and transferred to 90 mm 
Petri dishes.

2.1 Generation of KCC2a crispants

In this study, F0 knockout larvae for a single gene were generated 
using a protocol based on Kroll et al. (2021). The method involved the 
use of synthetic gRNAs, targeting three loci per gene, and adjusting 
the concentrations of total gRNA and Cas9 for injections. Specific 
crRNAs (Alt-R™ CRISPR-Cas9 crRNA, 1 μL) were selected from the 
Integrated DNA Technologies (IDT) database based on predicted 
efficiency, and then annealed with tracrRNA (Alt-R CRISPR-Cas9 
tracrRNA, 1 μL) at 95°°C for 5 min to form the gRNA. In this study, 
we designed 3 distinct crRNAs targeting either exon 2, 3, or 4 on 
slc12a5a (kcc2a). The crRNA selection prioritized distinct exons, and 
the ranking followed the best predicted crRNA from the IDT database. 
The gRNA/Cas9 ribonucleoprotein (RNPs) complex was then 
prepared by incubating Cas9 protein (Alt-R S.p. Cas9 Nuclease V3, 
57 mM, IDT) with equal volumes of gRNA at 37°°C for 5 min. The 
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three RNP solutions were pooled in equal amounts before injections, 
and approximately 1 nL (~ 28.5 fmol of RNP per gene) of the pool was 
injected into the yolk at the single-cell stage using a Pneumatic 
PicoPump (SYS-PV830; World Precision Instruments, USA). To 
account for possible influence from the microinjection procedure, 
pooled RNP complexes were prepared from three scrambled crRNAs 
(IDT: Alt-R CRISPR-Cas9 Negative Control crRNA #1, 1072544; #2, 
1072545; #3, 1072546) and were injected as described above. These 
embryos were used as controls for comparison with the KO mutants. 
This method provided a highly efficient approach for rapidly screening 
the functional involvement of kcc2a in zebrafish behavior and other 
complex phenotypes in the F0 generation. The details of the selected 
crRNAs (sgRNAs) and targeted loci can be  found in 
Supplementary Table S1. Injected embryos were collected at 1 dpf and 
genomic DNA was extracted by incubating each embryo with 50 μL 
of 50 mM NaOH at 95°C for 10 min. After cooling to 4°C, 5 μL of 1 M 
Tris–HCl (pH 8) was added for neutralization. The PCR reaction 
mixture contained 10 μL of 5X buffer, 1 μL of 10 mM dNTP, 1 μL of 
10 μM forward and reverse primer each, 0.25 μL of Tag Polymerase, 
and 36.5 μL of H2O. The PCR program was: 95°C for 3 min; then 
40 cycles of: 95°C for 30 s, 60°C for 30 s, 72°C for 30 s; then 72°C for 
5 min; 4°C hold. After PCR, the PCR products were run on a 3% (w/v) 
agarose gel to confirm the correct amplification of the target region. 
The PCR amplicons were purified using a DNA purification kit 
(Qiagen, Santa Clarita, CA) as per instructions. The clean PCR 
products were sent for Sanger sequencing (The Centre for Applied 
Genomics, the Hospital for Sick Children, Toronto). The sequence 
chromatograms and results were analyzed using SnapGene software 
(Supplementary Figure S1). The primer sets used for genotyping are 
listed in Supplementary Table S2.

2.2 Chemical exposure

A multifaceted validation strategy was undertaken to substantiate 
the efficacy of KCC2 gene deletion/disruption and comprehensively 
assess resulting phenotypic alterations. To this end, a group of wild-
type zebrafish embryos was subjected to exposure to a KCC2 inhibitor 
VU0240551 (Cayman Chemical, USA). This pharmacological 
exposure sought to elicit effects similar to those expected in KCC2-
mutant animals, thereby corroborating the functional impact of KCC2 
disruption. In a complementary approach, another group featured 
wild-type zebrafish embryos was exposed to valproic acid (VPA, 
Sigma–Aldrich, USA), an anti-epileptic drug that is commonly used 
to induce ASD-like traits in various animal models, including 
zebrafish (Mabunga et  al., 2015). This group served as a critical 
reference point, facilitating a comprehensive evaluation of whether 
kcc2a gene deletion effects were akin to those observed in established 
models of ASD. The stock solutions of VU0240551 and VPA were 
prepared by dissolving them in dimethyl sulfoxide (DMSO; Sigma-
Aldrich, USA) and stored at −20°C until use. The working solutions 
of these chemicals were subsequently prepared by diluting the stock 
solution in embryo water to achieve the desired concentration. At 8 h 
post-fertilization (hpf), embryos were randomly distributed in wells 
(30 embryos per well) of a 6-well plate containing either VPA (10 μM), 
VU0240551 (500 nM), or DMSO (from 8 hpf to 5dpf). Exposure 
concentrations were chosen based on a preliminary range-finding test, 
with VPA ranging from 1 μM to 50 μM and VU0240551 ranging from 

250 nM to 5 μM. The EC50 values were determined via behavioral and 
morphological assessments at 6 dpf, ensuring low mortality and 
minimal morphological abnormalities (data not shown).

In another scenario and in order to assess KCC2 as a potential 
therapeutic target in neurodevelopmental disorders, kcc2a crispants 
were treated with either CLP-290 or LIT-001 through bath immersion. 
CLP-290 is a novel KCC2-selective activator which effectively restores 
KCC2 expression in various pathological conditions (Gagnon et al., 
2013; Lam et al., 2023). LIT-001 is a novel characterized nonpeptide 
oxytocin receptor (OXTR) agonist that improves social interaction in 
neurodevelopmental models of ASD and schizophrenia (Frantz et al., 
2018; Piotrowska et al., 2024). Oxytocin (OXT) directly modulates 
KCC2 expression/stabilization at the plasma membrane during early 
windows of development (Leonzino et  al., 2016). Therefore, by 
utilizing LIT-001, this study aimed to capitalize on oxytocin’s direct 
modulation of KCC2, exploring its therapeutic potential for 
neurobehavioral abnormalities. To this end, zebrafish larvae were 
subjected to either synthetic CLP-290 (25 μM) or LIT-001 (5 μM), in 
beakers containing 25 mL of each solution for 48 h (1 h/2 times per 
day). The control group was treated with 0.01% DMSO. Subsequently, 
larval zebrafish were washed 3 times with system water for 15 min 
before engaging in behavioral paradigms. CLP-290 and LIT-001 
concentrations and exposure durations were selected based on prior 
research demonstrating a positive impact of two-day exposure to 
KCC2-enhancing drugs on ASD-like behaviors in zebrafish (Rahmati-
Holasoo et al., 2023). The chosen concentrations were determined to 
prevent abnormal locomotor patterns and erratic swimming behavior.

2.3 Behavioral paradigms

2.3.1 Social behaviors
Social deficits are core symptoms of ASD. Shoaling and social 

preference tests are two robust measures of social behaviors in 
zebrafish. Shoaling test was carried out at 21 dpf in a white custom 
made square shaped arena (15 cm × 15 cm) for 8 min (8 larvae per 
arena, 3 replicates per group, n  = 4–7). The shoaling parameters 
included time spent in proximity (within 0.5 cm of another subject) 
and the inter-individual distance among a group of zebrafish. Social 
preference test in 21 dpf larvae was performed in custom-built 
behavioral setups as described elsewhere (Naderi et al., 2022). The 
arena consisted of three parts: a center area, an empty side, and a 
conspecific side (16 cm L × 6 cm W × 6 cm H). Adjacent to the 
conspecific side was a chamber (4 cm L × 6 cm W) with 5 stimulus 
zebrafish larvae matched in size to the focal fish. Zebrafish were 
allowed to explore the arena for 10 min. Social preference was 
measured as the percentage of total time spent in the conspecific zone 
(n = 29–30).

2.3.2 Object recognition memory
Object-recognition memory in zebrafish larvae (21 dpf) was 

assessed based on their tendency to explore novel objects as described 
previously (Naderi et al., 2022). Zebrafish larvae were first habituated 
to an empty apparatus (square-shaped maze: 9 cm L × 9 cm W × 6 cm 
H) for 5 min twice daily over 5 consecutive days, spanning from 16 to 
20 dpf. At 21 dpf, the subjects explored two identical objects for 8 min 
(two red round-shaped LEGO®). After a 1.5-h interval, one of the 
objects was replaced with a new item (a green round-shaped LEGO®), 
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and the fish was allowed to explore the objects for another 8 min. The 
exploration ratio, calculated as time spent with the novel object 
divided by the total exploration time, determined the preference 
(n = 25–28). A score greater than 0.5 indicated a preference for the 
novel object.

2.3.3 Whole-brain mRNA expression analysis by 
digital droplet PCR

Total RNA was extracted from whole-brains of zebrafish larvae 
(n = 5–7, with each replicate comprising a pool of 5 brains) using the 
RNeasy Mini Kit (Qiagen, Canada), followed by assessing RNA quality 
using a plate spectrophotometer (Take3, Biotek Synergy LX, USA). 
Subsequently, cDNA was synthesized from 1 μg of total RNA using the 
iScript cDNA synthesis kit (Bio-Rad, USA). Droplet digital PCR 
(ddPCR) was performed using EvaGreenTM supermix (Bio-Rad, 
USA) on the QX200 Droplet Digital PCR system (Bio-Rad, USA) to 
determine the absolute mRNA expression levels of target genes. After 
amplification, droplets were analyzed using the QX200 droplet reader 
and QuantaSoftTM software (Bio-Rad, USA). The mRNA expression 
of each target gene was normalized to the transcript levels of ribosomal 
protein L13a (rpl13a) and ribosomal protein S18 (rps18). Specific 
primers used in this study are listed in Table S3.

2.3.4 Enzyme-linked immunosorbent assay
Zebrafish isotocin (IT) exhibits a significant resemblance to 

mammalian oxytocin. Consequently, IT levels in the brains of 
zebrafish larvae were quantified using the DetectX® Oxytocin Enzyme 
Immunoassay Kit (K048-H1, Assay Designs, Ann Arbor, USA), 
following the manufacturer’s guidelines. Each assay utilized a pooled 
sample of 6–8 brains (n  = 4–6) that had been pre-treated with a 
protease inhibitor (Thermo Scientific, USA).

2.3.5 Western blotting
Total proteins were extracted from a pool of 10 larval zebrafish 

brains in RIPA buffer (Thermo Fisher Scientific, USA). After 30 min of 
incubation at 4°C, homogenization was performed using TissueLyser 
II (Qiagen, USA) and cell debris was removed by centrifugation at 
14,000 g for 20 min. The supernatant was collected and protein 
concentrations were quantified using a BCA protein assay kit (Thermo 
Scientific, USA). Protein samples (30 μg) were then heated at 95°C for 
10 min and separated on a 12% polyacrylamide gel through 
SDS-PAGE. The proteins were then transferred to a polyvinylidene 
difluoride (PVDF) membrane using a BioRad Trans Blot Turbo (Bio-
Rad, USA). After transfer, the membranes were stained with 0.1% 
Ponceau S (dissolved in 5% acetic acid) and visualized on an iBright 
Imaging System (Invitrogen, USA) for subsequent normalization to 
total protein. Following this, the membrane was blocked with 5% 
non-fat milk in TBST (10 mM Tris pH 8.0, 150 mM NaCl, 0.5% Tween 
20) for 2 h at room temperature followed by overnight incubation with 
anti-BDNF antibody (1,400, Invitrogen, USA) at 4°C. After washing 
with TBST for 20 min, the membranes were further incubated with a 
goat anti-rabbit IgG-HRP conjugate secondary antibody (1,1,000) for 
2 h at room temperature. Protein bands were detected following 
incubation with a chemiluminescence substrate (PierceTM ECL 
Western Blotting Substrate; ThermoFisher Scientific, USA). The 
membranes were then scanned on the iBright imager, and band 
intensities were normalized to total protein levels using ImageJ 
software (NIH, Bethesda, ML, USA).

2.3.6 Immunostaining and confocal microscopy
Brain tissues were extracted and immersed in a 4% 

paraformaldehyde (PFA) solution in phosphate-buffered saline (PBS), 
undergoing fixation at 4°C for 24 h. The tissues were then equilibrated 
with 10% sucrose/20% EDTA and 20% sucrose/20% EDTA for 48 h, 
and subsequently embedded in optimal cutting temperature compound 
(OCT, Fisher HealthCare, USA). The whole brain was cut into 
10-micron sections on a cryotome (Leica, Germany) and mounted 
onto poly-L-lysine pre-coated glass slides (Superfrost Plus; Thermo 
Fisher). Slides were rehydrated in PBS and washed three times with 
PBTD (1X PBS with 0.1% Tween-20 and 1% DMSO). Subsequently, 
sections were blocked for 3 h in 5% normal goat serum (NGS) in PBTD 
(e.g., blocking buffer) followed by overnight incubation with rabbit 
anti-PSD-95 (1:300, Abcam, USA) or rabbit anti-gephyrin (1:800, 
Abcam, USA) antibody at 4°C in a humid chamber. On the next day, 
sections were washed three times with PBTD and incubated with Alexa 
Fluor® 488 secondary antibody (Thermo Fisher Scientific, USA) in 
PBTD for 2 h at room temperature. Optic tectum and telencephalon 
regions were imaged using a Zeiss Cell Observer Spinning disk inverted 
microscope equipped with a Yokogawa CSU-x1 confocal scanner and 
a Plan-Apochromat 63x/1.4 NA oil objective. PSD-95 and gephyrin 
puncta were quantified using the “Analyze Particles” function in 
ImageJ/Fiji, with puncta size ranging between 0.012 μm2 and 3.2 μm2. 
The density of PSD-95 and gephyrin signal in the optic tectum and 
telencephalon was calculated by dividing the total number of PSD-95 
or gephyrin puncta by the surface area of the corresponding regions.

2.3.7 Statistical analysis
Statistical analyses utilized SPSS software (version 23.0, IBM SPSS 

Inc., USA), and data were presented as mean ± S.E.M. unless stated 
otherwise. Normality and homogeneity of variances were assessed 
using the Kolmogorov–Smirnov one-sample test and Levene’s test, 
respectively. The potential impact of kcc2a KO on zebrafish behavior 
was assessed through an Independent Sample t-test, aiming to 
compare the responses between the control and mutant zebrafish 
groups. Variations in behavioral outcomes, mRNA abundance, and 
biochemical parameters among groups treated with pharmaceuticals 
were assessed using one-way ANOVA, followed by Tukey’s post hoc 
test for pairwise comparisons. Gene expression data underwent log 
transformation for variance stabilization. In cases of severe 
heteroscedasticity, Welch’s test with the Games–Howell post hoc test 
was employed. The arcsine square root transformation was performed 
on percentage data, where appropriate. The alpha level was set at 0.05.

3 Results

3.1 KCC2 dysregulation and 
socio-cognitive abnormalities in zebrafish 
larvae

Previous studies in rodents showed that homozygous KCC2−/− 
mice and mice lacking kcc2b die after birth (Woo et al., 2002). To avoid 
this perinatal lethality, we  decided to target kcc2a which is the 
dominant KCC2 isoform in the immature nervous system and possess 
similar levels of Cl− transport function compared to KCC2b (Uvarov 
et al., 2007). To elucidate the molecular function of KCC2a in the 
zebrafish brain, we simultaneously targeted three exons of kcc2a using 

109

https://doi.org/10.3389/fnmol.2024.1483238
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Naderi et al. 10.3389/fnmol.2024.1483238

Frontiers in Molecular Neuroscience 05 frontiersin.org

a novel CRISPR/Cas9-mediated genome editing strategy. The Sanger 
sequencing results revealed a disrupted nucleotide sequence in exon 
2 of kcc2a in the F0 generation (Supplementary Figure S1), suggesting 
possible impairment of its gene function.

CRISPR-injected F0 embryos (so-called kcc2a crispants) and 
zebrafish larvae treated with the selective KCC2 inhibitor VU0240551 
and VPA exhibited grossly a normal phenotype and locomotion, 
remained viable, and survived into adulthood. However, Kcc2a 
crispants displayed altered social behaviors. As shown in Figure 1A,B, 
time spent in proximity and the inter-individual distance were 
significantly reduced and increased, respectively (both p  ≤ 0.001). 
Interestingly, the same scenario was observed in fish exposed to VPA 
(Figures 1E,F; p ≤ 0.001 and p ≤ 0.005). While there was a significant 
decrease in time spent in proximity in larvae exposed to KCC2 blocker 
(p ≤ 0.002), the change in inter-individual distance among subjects was 
statistically indistinguishable from the control group (p = 0.063). The 
results also revealed significant changes in social preference in Kcc2a 
crispants and treated fish (Figure 1C). F0 kcc2a KO fish exhibited a 
reduced social preference as shown by a decrease in the percentage of 
total time spent in the conspecific side (p  ≤ 0.001). Likewise, a 
significant decrease in the total time spent in conspecific zone was 
observed in zebrafish larvae exposed to VPA and VU0240551 
(Figure 1G; both p ≤ 0.001). In addition to social behaviors, cognitive 
performance in zebrafish larvae was assessed employing a widely used 
object recognition task. Our results revealed that F0 kcc2a KO zebrafish 
spent significantly less time exploring the novel object compared to the 
control group (i.e., decreases in exploration ratio) (Figure 1D; p ≤ 0.001) 
indicating memory impairment in kcc2a crispants. Likewise, embryonic 

exposure to VU0240551 and VPA recapitulated the memory deficits 
observed in F0 kcc2a knockouts (Figure 1H; both p ≤ 0.001).

3.2 Alterations in transcription of molecular 
markers of excitation/inhibition balance

Our results further revealed an alteration in expression of several 
genes crucial for establishment and maintenance of E/I balance in the 
CNS. As shown in Figures 2A,B, there was a significant decrease in the 
mRNA expression level of kcc2a (slc12a5a, p ≤ 0.014), while the levels 
of kcc2b (slc12a5b) showed a slight increase compared to the control 
fish, although the difference was not statistically significant (p = 0.052). 
There was also a significant increase in the mRNA expression levels of 
nkcc1 (slc12a2) in kcc2a crispants compared to the control fish 
(Figure 2C; p ≤ 0.001). Although there was an apparent decline in the 
expression levels of glutamate decarboxylase 1b (gad1b), this difference 
was not statistically significant compared to the control (Figure 2D; 
p = 0.08). Furthermore, CRISPR-Cas9-mediated knockout of kcc2a 
gene led a significant decrease in the transcript levels of glutamate 
decarboxylase 2 (gad2, p ≤ 0.007), GABA transporter 1 (gat1, slc6a1a, 
p = 0.018), and vesicular glutamate transporter 1 (vglut1, slc17a7a, 
p  = 0.004), known as molecular markers of GABAergic and 
glutamatergic systems (Figures 2E–G). A significant decrease in the 
transcript levels of both oxytocin receptor (oxtra and oxtrb, also known 
as isotocin receptor) was observed in kcc2a crispants (Figures 2I,J; 
p ≤ 0.003 and p = 0.022), while the mRNA levels of oxt gene remained 
unchanged compared to the control fish (Figure 2H; p = 0.13).

FIGURE 1

Alterations in social behaviors and cognitive performance in kcc2a crispants. Changes in shoaling behavior is shown as (A) mean proximity duration 
and (B) mean inter-fish distance (n =  4–7). Social preference is shown as (C) the percentage of time spent in the conspecific zone (n =  29–30), and 
(D) object recognition memory represented by exploration ratio (n =  25–28). The figure also depicts changes in (E,F) shoaling behavior (n =  15–20), 
(G) social preference (28–30), and (H) object recognition memory (n =  24–28) in fish exposed to VU 0240551 (a KCC2 blocker) and valproic acid (VPA). 
(I) Representative heat map of zebrafish larvae in social preference and object recognition tasks. The asterisks above data bars represent a significant 
difference vs. the control group at * p <  0.05, ** p <  0.01, and *** 0.001. “ns” indicates not significant (p >  0.05).
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Embryonic exposure to the KCC2 blocker (VU0240551) also 
brought about changes in the transcript levels of several genes in 
the zebrafish brain. Our results depict a significant increase in the 

mRNA levels nkcc1 (slc12a2, p = 0.024), while the transcript levels 
of both KCC2 isoforms (slc12a5a and slc12a5b) remained 
unchanged (Figures 2A–C; p = 0.53 and p = 0.12). Administration 

FIGURE 2

The mean fold change in the mRNA expression level of (A) kcc2a (slc12a5a), (B) kcc2b (slc12a5b), (C) nkcc1 (slc12a2), (D) gad1b (glutamate 
decarboxylase 1b), (E) gad2 (glutamate decarboxylase 2), (F) gat1 (GABA transporter 1, slc6a1a), (G) vglut1 (vesicular glutamate transporter 1, slc17a7a), 
(H) oxt, (I) oxtra, and (J) oxtrb genes (n =  5–7). (K) The whole-brain oxytocin (isotocin) levels between different experimental conditions (control vs. 
kcc2a crispants and DMSO-treated fish vs. KCC2 blocker VU 0240551, n =  4–6). The asterisks above data bars represent a significant difference vs. the 
control group at *p <  0.05, **p <  0.01, and ***p <  0.001. “ns” indicates not significant (p >  0.05).
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of the KCC2 blocker significantly decreased the mRNA levels of 
gad1b (Figure  2D; p  = 0.04), gad2 (Figure  2E; p  = 0.007), gat1 
(Figure 2F; p = 0.003), and vglut1 (Figure 2G; p = 0.004) in the brain 
of zebrafish larvae. In the same vein, we  found a significant 
reduction in the transcript abundance of oxt (p ≤ 0.003) and its 
receptors oxtra (p = 0.022) and oxtrb (p ≤ 0.001) compared to the 
control group (Figures 2H–J).

As Figure 2K depicts, there was a significant reduction in whole-
brain OXT protein levels (isotocin) in kcc2a crispants compared to the 
control fish (p ≤ 0.003). Likewise, a marked decrease in whole-brain 
OXT protein levels was observed in zebrafish larva embryonically 
exposed to the KCC2 blocker (VU0240551) compared to controls 
(DMSO, p ≤ 0.001).

3.3 Inhibitory/excitatory synaptic balance 
in KCC2a KO larvae

As shown in Figure  3, quantification of the two post-synaptic 
populations showed a marked decrease in gephyrin labeling (p ≤ 0.009, 
Figures 3A–C), while PSD-95 puncta density remained unchanged 
(p = 0.35, Figures 3D–F). This led to a significant increase in the ratio of 
excitatory to inhibitory neurons compared to the control (i.e., an 
increase in PSD-95/gephyrin puncta density ratio, Figure 3G; p ≤ 0.035).

3.4 BDNF expression in KCC2a KO larvae

The lack of a dependable antibody precluded the possibility of 
validating KCC2 protein levels in mutant zebrafish through western blot 
analysis. Therefore, we sought an alternative approach by utilizing a 
specific antibody targeting BDNF in our study. BDNF is the most well-
studied modulator of KCC2 activation in immature neurons. In the 
developing brain, BDNF can increase KCC2 activation by regulating its 
localization at the membrane (Khirug et al., 2010; Puskarjov et al., 2014). 
Western blot analysis of brain samples from control and Kcc2a crispants 
revealed a significant change in BDNF expression (Figure 4). This change 
was attributed to a significant decrease (p = 0.005) in the expression of 
BDNF in Kcc2a crispants compared to the control. Likewise, there was 
a significant reduction (p = 0.009) in BDNF expression in the brain of 
zebrafish larvae embryonically exposed to the KCC2 blocker VU0240551.

3.5 Pharmacological rescue of behavioral 
abnormalities induced by KCC2 knockout

We then explored the therapeutic potential of postnatal 
exposure to several novel compounds aimed at mitigating ASD-like 
behaviors in F0 kcc2a knockout zebrafish at 21 dpf. Our results 
demonstrated that a 48-h exposure to CLP-290 and LIT-001 

FIGURE 3

Defects of excitatory/inhibitory balance in the kcc2a KO larvae. 10  μm coronal sections of 21 dpf (A) control (N =  4, n =  12), (B) kcc2a crispants (N =  3, 
n =  9) stained with gephyrin, an inhibitory post-synaptic scaffolding protein and (C) quantification of gephyrin puncta density. (D) Coronal sections of 
21 dpf control (N =  3, n =  9) larvae and (E) kcc2a crispants stained with PSD-95, an excitatory post-synaptic scaffolding protein and (F) quantification of 
PSD-95 puncta density. (G) PSD-95/gephyrin puncta density ratio. Scale bar 10  μm. N, number of larvae; n, number of sections. The asterisks above 
data bars represent a significant difference vs. the control group at *p <  0.05, **p <  0.01, and ***p <  0.001. “ns” indicates not significant (p >  0.05).
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successfully alleviated social abnormalities in F0 kcc2a KO zebrafish 
larvae (Figures 5A,B). This was evident in the comparison of time 
spent in proximity (p  = 0.25 and p  = 0.12) and inter-individual 
distance with DMSO-treated fish (p = 0.9 and p = 0.2). However, F0 
kcc2a KO zebrafish larvae exposed to KCC2 blocker (VU0240551) 
showed decreased and increased time spent in proximity and inter-
individual distance compared to the fish exposed to DMSO 
(Figures  5A,B; both p  ≤ 0.001). Likewise, the postnatal 
administration of CLP-290 and LIT-001 restored diminished social 
preference in F0 kcc2a KO zebrafish larvae (all p ≤ 0.86, Figure 5C). 
Conversely, mutants exposed to the KCC2 antagonist (VU0240551) 
exhibited a significant decrease in the time spent with shoalmates 
compared to DMSO fish (p  ≤ 0.003). Furthermore, postnatal 
administration of CLP-290 alleviated memory deficits in F0 kcc2 KO 
zebrafish larvae when compared to DMSO-treated fish (Figure 5D; 
both p  ≤ 0.84). However, postnatal exposure to either oxytocin 
receptor agonist (LIT-001) or KCC2 blocker (VU0240551) failed to 
rescue cognitive performance in Kcc2a crispants in the object 
recognition task compared to DMSO control treatment (both 
p ≤ 0.001).

4 Discussion

KCC2 is a vital neuron-specific K+/Cl− cotransporter that sets the 
strength and polarity of GABAergic currents during neuronal 
maturation. Dysregulation in its expression and function has been 
linked to the pathogenesis of various neurological disorders, including 
epilepsy, Rett Syndrome, schizophrenia, and ASD (Hyde et al., 2011; 
Merner et al., 2015; Tomita et al., 2023). In this study, we employed a 
novel synthetic CRISPR-Cas9-based mutagenesis approach for 
generating biallelic F0 zebrafish knockouts to study the functional 
importance of the kcc2a gene in the development of socio-cognitive 
functions in the zebrafish larvae. The kcc2a crispants displayed normal 
morphology, body length, and motor function and survived into 
adulthood as reported previously (Stödberg et al., 2015). However, the 
results of behavioral assessment revealed marked socio-cognitive 
deficits in F0 mutants. The F0 kcc2a KO zebrafish larvae displayed 
abnormal social behaviors which was evidenced by a reduction in 
shoaling behavior and social preference. Moreover, kcc2a KO fish 
exhibited impaired object recognition memory, as documented by a 
decrease in novel object exploration ratio. Embryonic administration 
of the KCC2 blocker VU0240551 also reduced shoaling behavior, 
social preference, and compromised recognition memory in 21 dpf 
zebrafish larvae. This suggests a shared mechanistic pathway affected 
by both genetic and pharmacological perturbations, reinforcing the 
critical involvement of KCC2 in shaping fundamental aspects of socio-
cognitive functions in zebrafish larvae. Our findings align with prior 
studies indicating that mutations or premature onset of KCC2 
function during early developmental stages lead to enduring 
abnormalities in social behavior and memory. For example, disrupting 
the phosphorylation process impeded the postnatal establishment of 
KCC2 function, consequently yielding enduring abnormalities in 
social behavior and memory retention in mice (Moore et al., 2019). 
Tamoxifen-induced conditional deletion of KCC2 in the glutamatergic 
neurons resulted in spatial and nonspatial learning impairments in 
3 months old mice (Kreis et al., 2023). In another study, however, 
KCC2b heterozygous knockout mice (KCC2+/−) demonstrated 

enhanced social dominance behaviors and elevated amplitude of 
spontaneous postsynaptic currents within the medial prefrontal cortex 
(PFC), a crucial region implicated in governing social hierarchy and 
dominance behaviors (Anacker et al., 2019). These suggest that any 
departure from a precise balance between excitation and inhibition 
may contribute to aberrant behavioral manifestations. Intriguingly, 
these behavioral abnormalities mirrored those observed in zebrafish 
larvae embryonically exposed to VPA, a well-established inducer of 
ASD-like traits, suggesting a parallel between KCC2 dysfunction and 
established models of ASD. Prenatal exposure to VPA also decreased 
protein levels of KCC2 and resulted in impaired spatial memory, 
limited exploration, increased anxiety, and reduced sociability in the 
model group (Li et al., 2017). In a more recent study, Haratizadeh et al. 
(2023) have shown that prenatal VPA exposure increased repetitive/
stereotyped movements and impaired object recognition memory and 
social behaviors in adult rats. These deficits were linked to the 
reduction of KCC2, causing subsequent disruption in E/I balance. 
Taken together, these findings underscore the pivotal role of KCC2 in 
socio-cognitive functions, where genetic or pharmacological 
disruptions induce lasting abnormalities resembling ASD models, 
emphasizing the significance of excitation-inhibition balance.

Transcriptomic analyses using ddPCR unveiled marked changes 
in the expression levels of key genes involved in maintaining E/I 
balance. CRISPR-Cas9-mediated knockout of kcc2a led to a reduction 
in the transcript abundance of the kcc2a gene, with a concurrent 

FIGURE 4

(A) Western blot analysis and (B) quantification of brain-derived 
neurotrophic factor (BDNF) protein levels in the zebrafish whole-
brain (n =  3). Protein band intensities were normalized to total 
protein levels obtained via Ponceau staining represented as relative 
difference between experimental groups. The asterisks above data 
bars represent a significant difference vs. the control group at 
*p <  0.05, **p <  0.01, and ***p <  0.001. “ns” indicates not significant 
(p >  0.05).
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elevation in kcc2b mRNA levels. Given the abundant expression of 
both kcc2a and kcc2b isoforms with their shared ability for chloride 
extrusion in neonatal animals, the absence of one isoform seems to 
be partially compensated for by the other as suggested previously 
(Markkanen et al., 2014). Moreover, the downregulation of kcc2a was 
accompanied by an upregulation in the expression of nkcc1, indicating 
a possible disruption in chloride homeostasis. This nkcc1 upregulation 
might be attributed to the imperative need for maintaining a low 
intracellular chloride concentration ([Cl−]i) within neurons, coupled 
with extracellular potassium ([K+]o) accumulation, likely stemming 
from prolonged downregulation of kcc2a. The Kcc2a KO also caused 
a marked reduction in the mRNA expression of key molecular 
markers associated with the GABAergic (gad2 and gat1) and 
glutamatergic (VGLUT1) systems. The attenuated gad2 expression, 
responsible for GABA synthesis, suggests a potential decline in 
inhibitory signaling, while the reduced VGLUT1 levels indicate 
compromised excitatory neurotransmission due to decreased 
glutamate release. Additionally, the decreased expression of gat1 
implies a potential prolongation of inhibitory signals. Collectively, 
these molecular alterations may contribute to an aberrant E/I balance 
and perturbed neural circuitry. Consistent observations in zebrafish 
larvae treated with the KCC2 blocker VU0240551 during embryonic 
development further substantiate the association between KCC2 
dysfunction and E/I imbalance. Our findings are in agreement with 
previous studies in rodents reporting that KCC2 mutation and/or 
inhibition contributes to E/I imbalance in mice and rats (Gauvain 
et al., 2011; Engberink et al., 2018; Raol et al., 2020). Moreover, KCC2 
deficits in mouse models of Rett syndrome and ASD have been linked 
to the altered the polarity of GABAergic inhibition in cortical neurons 
(Banerjee et al., 2016). Using KCC2-mutant mice, Pisella et al. (2019) 
have also reported an altered GABAergic inhibition and increased 
glutamate/GABA synaptic ratio in cortical and hippocampal 
pyramidal neurons, reinforcing the role of KCC2 in regulating E/I 
balance across different neurological contexts.

The E/I imbalance in ASD is associated with increased excitation 
or reduced inhibition, leading to a higher excitatory-to-inhibitory 
ratio. Individuals with ASD often show decreased GABAergic 

signaling, which is theorized to contribute to cognitive deficits, 
repetitive behaviors, and abnormal social behaviors (Rubenstein and 
Merzenich, 2003). The measurement of PSD-95 and gephyrin serves 
as crucial indicators of synaptic function, particularly at excitatory and 
inhibitory synapses, respectively. PSD-95, located at post-synaptic 
density of excitatory synapses, plays a vital role in stabilizing synaptic 
contacts and in synaptic maturation for glutamate receptors. On the 
other hand, gephyrin, a critical component at inhibitory synapses, 
interacts with GABAA and glycine receptors, facilitating inhibitory 
neurotransmission (Chen et al., 2014). In this study, we illustrated that 
the knockout or inhibition of kcc2a resulted in a reduction of 
inhibitory post-synaptic terminals, consequently leading to an 
increased ratio of excitatory to inhibitory neurons. Gephyrin directly 
interacts with KCC2 to regulate its surface expression and function in 
cortical neurons. KCC2 knockdown has been shown to reduce 
gephyrin protein in primary cultures of spinal cord neurons (Schwale 
et  al., 2016). Moreover, the reduction in gephyrin may be  a 
consequence of disrupted inhibitory neurotransmission due to the 
absence or reduction of functional kcc2a transporter. On the other 
hand, the unchanged levels of PSD-95 could be a result of homeostatic 
mechanisms attempting to stabilize excitatory synapses in response to 
the disruption of inhibitory synapses. Overall, these findings reveal 
that early life disruption of kcc2a may reduce the efficacy of inhibitory 
neurotransmission and increase neuronal excitability in the brain of 
zebrafish larvae.

There is conclusive evidence that E/I imbalance affects the 
function of neural circuits involved in social cognition and emotional 
regulation leading to altered information processing and transmission 
in the brain (Yizhar et al., 2011). Disruptions in inhibitory signaling, 
particularly in the GABAergic system, may also contribute to aberrant 
neural responses to social stimuli, leading to difficulties in interpreting 
social cues and engaging in appropriate social behaviors. On the other 
hand, excitatory dysfunction involves irregularities in the functioning 
of excitatory neurotransmitters such as glutamate leading to abnormal 
neuronal activation. This disruption can result in hyperactivity or 
hypoactivity within neural networks associated with social cognition 
and memory, ultimately affecting the encoding, consolidation, and 

FIGURE 5

Effects of CLP-290, LIT-001, and VU 0240551 on social deficits, measured by time spent in proximity to shoal members (A), inter-individual distance 
(B), time spent in the conspecific zone (C), and memory impairment (D) in kcc2a crispants. Asterisks above the data bars indicate significant differences 
compared to the control group: *p <  0.05, **p <  0.01, and ***p <  0.001. “ns” indicates not significant (p >  0.05).
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retrieval of social information. Deleterious effects of E/I imbalance on 
neural processes extends to the modulation of key neuromodulators, 
notably OXT. Oxytocin, a hypothalamic neuropeptide, stands as a 
pivotal regulator of diverse social behaviors across various species. 
During early brain development, oxytocin and its receptor play 
fundamental roles in orchestrating the postnatal shift of neuronal 
GABA neurotransmission from an excitatory to an inhibitory state. 
Leonzino et al. (2016) has illustrated that the oxytocinergic signaling 
actively influences the functional dynamics of KCC2 by facilitating its 
phosphorylation and subsequent insertion/stabilization in the plasma 
membrane. Gigliucci et  al. (2022) also reported a concomitant 
reduction in the KCC2 and OXTR expression in a mouse model of 
Rett syndrome. Additionally, it has been demonstrated that the down-
regulation of KCC2 induced by lipopolysaccharide (LPS) led to a 
reduction in OXTR mRNA levels, highlighting a mutual relationship 
between oxytocin and chloride homeostasis (Tomita et al., 2022). The 
results of the present study also demonstrated a decrease in the mRNA 
expression of OXTR genes and whole-brain OXT levels, a finding that 
was further corroborated through the administration of the KCC2 
blocker VU0240551. Together, these findings suggest that the absence 
of physiological upregulation of the chloride transporter KCC2 during 
early brain development can result in aberrant E/I balance, which in 
turn, compromises the firing rates of OXT-producing neurons, the 
dynamics of OXT release, and the responsiveness of OXTRs, 
collectively contributing to a decrease in oxytocin expression levels.

Signaling via BDNF and its receptor, tropomycin receptor kinase 
B (TrkB) is one of the most critical regulators of glutamatergic and 
GABAergic synapse development (Cohen-Cory et al., 2010). On the 
other hand, KCC2 regulates dendritic spine formation in hippocampal 
and cortical neurons in a BDNF-dependent manner (Awad et al., 
2018). KCC2 has also been shown to play a key role in the regulation 
of BDNF–TrkB in rats (Zhang et  al., 2023). The deficiency of 
MECP2  in Rett syndrome has also been associated with the 
downregulation of BDNF, while the overexpression of KCC2 
ameliorated the phenotype (Abuhatzira et al., 2007; Tang et al., 2016). 
In this study, we  found that either genetic or pharmacological 
disruption of kcc2a resulted in a marked decrease in BDNF levels in 
the zebrafish brain, reinforcing the compelling connection between 
KCC2 and BDNF. It is plausible that the loss of KCC2 function 
disrupts the balance between excitatory and inhibitory signaling, 
leading to depolarizing GABAergic responses and heightened 
neuronal excitability, which impairs activity-dependent BDNF 
transcription (Porcher et al., 2018). KCC2 dysfunction may also alter 
intracellular calcium homeostasis, which is critical for the regulation 
of BDNF expression via calcium-dependent transcription factors such 
as cAMP-response element binding protein CREB (Shieh and Ghosh, 
1999). Disruption of calcium signaling can, therefore, reduce BDNF 
expression and impair synaptic plasticity. Furthermore, the loss of 
KCC2 function may compromise the integrity of BDNF/TrkB 
signaling pathways, thereby diminishing BDNF-mediated 
neurotrophic support and synaptic efficacy (Rivera et al., 2002). While 
these mechanisms offer plausible explanations, the precise molecular 
pathways linking KCC2 disruption to decreased BDNF expression 
remain unclear and warrant further investigation. BDNF plays a 
critical role in synaptic plasticity and neurotransmitter release (Lu 
et al., 2014). Decreased BDNF expression has been associated with a 
range of neurological disorders, including schizophrenia (Nieto et al., 
2013), Alzheimer’s disease (Lee et al., 2005), and ASD (Ricci et al., 

2013). In zebrafish, CRISPR/Cas9-mediated knockout of the BDNF 
gene resulted in learning deficits and abnormal social behaviors 
(Lucon-Xiccato et al., 2022; Lucon-Xiccato et al., 2023). Therefore, the 
observed reduction in BDNF levels following kcc2a knockout is likely 
to contribute to synaptic dysfunction, thereby affecting signal 
transmission in brain regions essential for memory and social behavior.

While the behavioral and molecular consequences of KCC2a 
disruption were profound, our study went a step further to explore the 
therapeutic potential of pharmaceuticals that affect the expression and 
function of KCC2. In recent years, enhancing KCC2 function has 
emerged as a promising therapeutic target for the treatment of a wide 
range of neurological disorders (Lam et al., 2023; Tomita et al., 2023). 
For example, restoring KCC2 using short-term CLP-290 treatment, 
successfully alleviated spatial memory deficits and improved social 
function in a mouse model of Alzheimer’s disease (Keramidis et al., 
2023). Likewise, we found that 2 days of exposure to CLP-290 rescued 
both recognition memory and social abnormalities in kcc2a KO 
zebrafish. Intranasal OXT has long been known as a potential 
treatment for addressing socio-cognitive dysfunctions in various brain 
disorders, such as ASD (Keech et al., 2018). The potential therapeutic 
benefits of oxytocinergic drugs have recently been correlated with 
their capacity to boost the expression and activity of KCC2. For 
instance, OXT treatment has been shown to restore KCC2 expression 
and E/I balance in a mouse model of Rett syndrome (Gigliucci et al., 
2022). Neonatal subcutaneous OXT administration improved social 
memory deficits and reversed KCC2 dysfunction in hippocampal 
GABAergic activity in a mouse model of ASD (Bertoni et al., 2021). 
In another study, 3 days continuous intrathecal infusion of OXT 
restored the expression levels of KCC2  in the spinal dorsal horn 
caused by nerve injury (Ba et  al., 2022). Furthermore, Rahmati-
Holasoo et al. (2023) have recently shown that 48 h OXT treatment 
during the larval stage improved ASD-like behaviors in a VPA 
zebrafish model. The findings of this study align with previous 
research, affirming that the administration of LIT-001 rescued social 
behaviors in kcc2a crispants. However, the lack of LIT-001’s effect on 
object recognition memory indicates that LIT-001 may modulate 
neural circuits or pathways associated with social behaviors, while its 
influence on cognitive functions, particularly memory, may be limited 
or absent. These observations underscore the intricate nature of 
neurobehavioral modulation and highlight the importance of 
delineating specific cognitive domains when evaluating the effects of 
pharmacological interventions. Further investigations into the 
molecular and neural mechanisms targeted by LIT-001 can provide 
deeper insights into its functional profile and potential 
therapeutic applications.

In conclusion, our study, for the first time, shed light on the critical 
role of KCC2 in shaping socio-cognitive functions in zebrafish larvae, 
with disruptions leading to long-lasting behavioral abnormalities. The 
observed abnormalities in behavioral outcomes, shared between 
genetic knockout and pharmacological perturbations, underscore the 
pivotal involvement of KCC2 in the developmental regulation of socio-
cognitive functions. Molecular analyses demonstrated altered 
expression of key genes associated with the GABAergic and 
glutamatergic systems, contributing to an aberrant E/I balance and 
perturbed neural circuitry. Notably, these disruptions mirrored the 
behavioral abnormalities observed in established models of ASD 
(VPA-induced ASD), emphasizing the significance of excitation-
inhibition balance in socio-cognitive functions. Furthermore, our 
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exploration of therapeutic interventions targeting KCC2, such as 
CLP290 and LIT-001, demonstrated promising outcomes in rescuing 
memory and social abnormalities. However, the selective effects of 
LIT-001 on social behaviors, not memory, underscore the complexity 
of neurobehavioral modulation. These findings underscore the 
potential therapeutic avenues for KCC2-related neurological disorders, 
emphasizing the need for further investigations into the molecular and 
neural mechanisms underlying these effects.
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Perioperative enriched 
environment attenuates 
postoperative cognitive 
dysfunction by upregulating 
microglia TREM2 via PI3K/Akt 
pathway in mouse model of 
ischemic stroke
Yuchen Yao 1†, Liru Hu 2†, Danni Li 1, Yuhao Wang 2, Jian Pan 2 and 
Dan Fan 1*
1 Department of Anesthesiology, Sichuan Provincial People’s Hospital, School of Medicine, University 
of Electronic Science and Technology of China, Chengdu, China, 2 State Key Laboratory of Oral 
Diseases, Department of Oral and Maxillofacial Surgery, National Center for Stomatology and 
National Clinical Research Center for Oral Diseases, West China Hospital of Stomatology, Sichuan 
University, Chengdu, China

Postoperative cognitive dysfunction (POCD) is a prevalent complication that 
significantly affects the quality of life. Notably, patients who have experienced 
ischemic stroke are at an increased risk of developing POCD. Exploring the 
underlying mechanisms of POCD is crucial for its management. Numerous 
studies have established neuroinflammation as an independent risk factor in 
POCD pathogenesis, with TREM2 emerging as a key neuroprotective factor that 
modulates neuroinflammatory responses through the PI3K/Akt signaling pathway. 
In this study, we aimed to investigate the effect of TREM2 on POCD in a mouse 
model of ischemic stroke, with a focus on the mechanisms involving TREM2 and 
the PI3K/Akt signaling pathway. Our findings indicated that mice with ischemic 
stroke exhibited severe cognitive impairment after surgical trauma. However, 
we observed that an enriched environment (EE) could ameliorate this cognitive 
impairment by upregulating microglia TREM2 expression in the hippocampus and 
suppressing neuroinflammation. Additionally, the PI3K/AKT signaling pathway was 
activated in the hippocampal tissue of the mice housed in EE. Importantly, the 
beneficial neuroprotective and anti-inflammatory effects of EE were abolished 
when TREM2 was knocked down, underscoring the essential role of TREM2 in 
mediating the effects of EE on neuroinflammation and cognitive function after 
ischemic stroke and surgical trauma. In general, our study has confirmed a potential 
molecular mechanism that led to the occurrence of POCD in individuals with 
ischemic stroke and provided new strategies to treat POCD.

KEYWORDS

enriched environment, POCD, ischemic stroke, microglia, TREM2

OPEN ACCESS

EDITED BY

Ferdinando Di Cunto,  
University of Turin, Italy

REVIEWED BY

Samir Ranjan Panda,  
University of California San Francisco, 
United States
Hongmei Yang,  
Harvard Medical School, United States

*CORRESPONDENCE

Dan Fan  
 fandan1976@163.com

†These authors have contributed equally to 
this work and share first authorship

RECEIVED 31 October 2024
ACCEPTED 06 December 2024
PUBLISHED 20 December 2024

CITATION

Yao Y, Hu L, Li D, Wang Y, Pan J and 
Fan D (2024) Perioperative enriched 
environment attenuates postoperative 
cognitive dysfunction by upregulating 
microglia TREM2 via PI3K/Akt pathway in 
mouse model of ischemic stroke.
Front. Neurosci. 18:1520710.
doi: 10.3389/fnins.2024.1520710

COPYRIGHT

© 2024 Yao, Hu, Li, Wang, Pan and Fan. This 
is an open-access article distributed under 
the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other forums is 
permitted, provided the original author(s) and 
the copyright owner(s) are credited and that 
the original publication in this journal is cited, 
in accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 20 December 2024
DOI 10.3389/fnins.2024.1520710

119

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2024.1520710&domain=pdf&date_stamp=2024-12-20
https://www.frontiersin.org/articles/10.3389/fnins.2024.1520710/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1520710/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1520710/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1520710/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1520710/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1520710/full
https://www.frontiersin.org/articles/10.3389/fnins.2024.1520710/full
mailto:fandan1976@163.com
https://doi.org/10.3389/fnins.2024.1520710
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2024.1520710


Yao et al. 10.3389/fnins.2024.1520710

Frontiers in Neuroscience 02 frontiersin.org

Introduction

Ischemic stroke, characterized by a sudden occurrence of focal 
neurological deficits due to reduced blood supply to a particular 
region of the brain, is intimately linked to cognitive impairment, 
memory deterioration, and dementia. This condition places a 
substantial strain on global public health systems (Mozaffarian et al., 
2015; GBD 2019 Stroke Collaborators, 2021). Against the backdrop of 
a growing aging population, the incidence of ischemic stroke among 
patients in the perioperative period is on the rise annually. These 
patients are particularly vulnerable to postoperative cognitive 
dysfunction (POCD), which significantly hampers postoperative 
recovery and diminishes the quality of life (NeuroVISION 
Investigators, 2019; Messé et al., 2024).

The pathophysiological changes associated with the combination 
of POCD and ischemic stroke are intricate, encompassing 
neuroinflammation, blood–brain barrier disruption, epigenetic 
modifications, amyloid-beta accumulation, and excessive tau 
phosphorylation (He et al., 2024). Although considerable research has 
been conducted, the precise mechanisms underlying stroke-induced 
damage remain not entirely elucidated. Normal brain function is 
critically reliant on a steady supply of oxygen and nutrients, and 
proinflammatory cytokines unleashed during ischemic and anoxic 
episodes can trigger neuroinflammation, which may be localized or 
systemic, leading to neuronal damage in the hippocampus (Zhang 
et  al., 2016, 2018). Consequently, neuroinflammation within the 
central nervous system (CNS) remains a paramount mechanism that 
merits further investigation for POCD in patients who have 
experienced ischemic stroke.

Microglia, critical immune cells within the CNS, are instrumental 
in preserving brain homeostasis through the mediation of immune 
responses, phagocytosis of pathogens, and the modulation of neuronal 
activity (Borst et al., 2021). A study by Thiel A et al. noted a significant 
activation of microglia following ischemic stroke in mice, which triggers 
chronic CNS inflammation and subsequent neuronal damage, 
particularly in the hippocampal dentate gyrus region (Thiel et al., 2010). 
Additionally, general anesthesia and surgical trauma have been shown 
to disrupt the homeostasis of CNS and exacerbate cognitive impairment 
by affecting microglial function (Jin et  al., 2023; Sheu et  al., 2023). 
TREM2 is an immune regulatory receptor predominantly found in 
microglia. It associates with DAP12 to form transmembrane receptor 
signaling complexes, which play a role in anti-inflammatory processes 
(Wang et al., 2015, 2022). Research has indicated that TREM2 deficiency 
can severely compromise microglial activation, inflammatory response, 
and phagocytic capabilities. Moreover, the absence of TREM2 has been 
associated with increased infarct size and hindered neurological recovery 
in mice post-ischemia due to reduced microglial activation (Cantoni 
et al., 2015). These findings underscore the pivotal role of TREM2 in the 

regulation of brain tissue repair and the recovery of neurological 
function, highlighting its significance as a key receptor in microglia.

The PI3K/Akt signaling pathway is integral to various cellular 
functions, including the regulation of neurogenesis, synaptic plasticity, 
and neuronal metabolism within the nervous system (Chen et al., 
2022; Vasconcelos de Matos et al., 2023). TREM2 has been identified 
to play a neuroprotective role by engaging the PI3K/Akt signaling 
pathway to regulate neuroinflammatory responses (Wang et al., 2020). 
Besides, this regulatory mechanism is crucial for maintaining CNS 
homeostasis and promoting recovery after neurological insults 
following ischemic injury (Chen et al., 2020).

The concept of an enriched environment (EE) was first introduced 
in 1947, defining it as a living space designed with cognitive, physical, 
and social stimuli, in contrast to a standard environment (SE) (Alwis 
and Rajan, 2014). Research by Wang et al. has demonstrated that 4 
weeks of enriched environmental training can significantly ameliorate 
learning and memory deficits in mice (He et al., 2017). In our previous 
study, it has been observed that EE training can mitigate the 
inflammatory responses triggered by surgical stress and enhance 
cognitive function postoperatively (Fan et al., 2016).

In the present study, we hypothesized that activation of TREM2 
by EE could improve neurological deficits and attenuate 
neuroinflammation triggered by surgical trauma via the PI3K/Akt 
signaling pathway in a mouse model of ischemic stroke.

Materials and methods

Animal experiments

Eight-week-old male C57BL/6 mice weighing 20–23 g were 
obtained from Dashuo Experimental Animal Limited Company 
(Chengdu, China). As gender differences were not the primary focus 
of our study, female mice were not used in this experiment. The 
animals were housed in a temperature-controlled environment with a 
12-h light/dark cycle, with free access to laboratory food and water. 
The animal studies were registered and approved by the Ethics 
Committees of Sichuan Provincial People’s Hospital Research Ethics 
Committee. The study was conducted in compliance with the ARRIVE 
guidelines. For the experimental procedures, the mice were 
anesthetized by inhalation of 5% isoflurane (RWD Life Technology, 
Shenzhen, China). Throughout the surgical interventions, anesthesia 
was sustained with 2% isoflurane to ensure the animals 
remained unconscious.

The mice were divided into the following groups: (1) Sham+SE, 
Sham+EE, PT + SE, and PT + EE groups; (2) SE + vehicle, 
SE + shRNA, EE+ vehicle, and EE + shRNA groups.

To induce ischemic stroke models, photothrombotic (PT) stroke 
induction was conducted as previously described (Labat-gest and 
Tomasi, 2013). Following anesthesia, the mice were firmly secured in 
a stereotaxic frame (RWD Life Science). Their body temperature was 
maintained at 37.0°C throughout the surgical procedure using a 
temperature-controlled heating pad.

A 1-cm midline incision was made from the level of the eyes, and 
a skin retractor was used to maintain exposure of the skull. The frontal 
area was targeted for infarction, with the bregma serving as a reference 
point (coordinates: anterior/posterior: 1.5 mm, medial/lateral: 2 mm). 
Rose Bengal solution (Sigma-Aldrich, United States) at a dosage of 

Abbreviations: POCD, Postoperative cognitive dysfunction; CNS, Central nervous 

system; EE, Enriched environment; SE, Standard environment; PT, Photothrombotic; 

AAV, Adeno-associated virus; MRI, Magnetic resonance imaging; TTC, 

2,3,5-Triphenyl tetrazolium chloride; mNSS, Modified neurological severity score; 

SAB, Spontaneous alternation behavior; ELISA, Enzyme-linked immunosorbent 

assay; PBS, Phosphate-buffered solution; DAPI, 4′,6-diamidino-2-phenylindole; 

PCC, Pearson correlation coefficient; PVDF, poly- (vinylidene fluoride); RT-PCR, 

Reverse transcription polymerase chain reaction.
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125 mg/kg was administered via slow subcutaneous injection. After a 
five-minute interval, the designated area was exposed to yellow-green 
laser light (532 nm, 40 mW/cm2) for a duration of 10 min, with other 
areas shielded from the light. The incision was then closed with sutures. 
Schematic diagrams are presented in Figure 1A. Immediately post-
irradiation, the ischemic penumbra in the PT animals was visualized 
using laser speckle contrast imaging, as depicted in Figures 1B–E. The 
animals were closely monitored until they regained full consciousness. 
For the control group, sham animals underwent an identical procedure 
except for the omission of the subcutaneous Rose Bengal injection, 
thus serving as a baseline for comparison in the experiment.

To induce POCD models, all animals underwent left nephrectomy 
on day 46 following PT stroke induction. Briefly, mice were 
anesthetized and then fixed in the supine position. A midline 
abdominal incision was made to expose the left kidney. Blunt forceps 
were then used to dissect and separate the perirenal fat and connective 
tissue. The left kidney was subsequently extirpated after ligating the 
artery, vein, and ureter. The abdominal muscle layer and skin were 
sutured closed. Throughout the procedure, animals received 
continuous inhalation anesthesia, which was maintained for a total 
duration of 2 h to cover the entire surgical period. A schematic of the 
entire experimental timeline is displayed in Figure 1F.

Stereotaxic injection of adeno-associated 
virus

AAV vectors encoding the mouse TREM2 gene (NCBI ID: 
NM_031254.4) and control AAV vectors were purchased from Hanbio 
(Shanghai, China). TREM2-shRNA (shRNA) or vehicle-shRNA 
(vehicle) with AAV vector was stereotactically injected into the 
bilateral hippocampi of mice with photothrombotic lesions on day 24 
before left nephrectomy. Briefly, mice were anesthetized, and then 
these vectors were injected bilaterally into the hippocampus with the 
following coordinates relative to bregma: −2.3 mm anteroposterior, 
±1.8 mm mediolateral, and − 2 mm dorsoventral. Each site was 
injected with 1 μL (4 × 109 vg/site) of diluted AAV vectors over a 
10-min period. The efficacy of AAV-mediated TREM2 silencing was 
verified on day 21 after injection.

Enriched environment housing

Following the induction of PT stroke, mice were randomly 
assigned to either EE or SE housing without stratification. The EE was 
composed of larger cages measuring 43.1 cm × 22.8 cm × 19.5 cm, 
equipped with a variety of stimulating objects such as climbing 
ladders, running wheels, mazes, seesaws, and balls. The toys and 
bedding were refreshed every 3 days to maintain a dynamic and 
engaging environment. In contrast, smaller cages measuring 
27.9 cm × 15.2 cm × 11.4 cm, devoid of any additional toys, were set 
as SE. All animals had free access to water and food.

Measurement of infarct volume

The formation of the infarct focus was preliminarily evaluated 
using magnetic resonance imaging (MRI, Bruker BioSpec 70/30USR, 

Germany). For a quantitative calculation of the infarct volume, the 
brain sections were incubated in 2% 2,3,5-Triphenyltetrazolium 
chloride (TTC, Sigma-Aldrich) for 20 min at 37°C. The infarcted and 
non-infarcted areas were then analyzed using Image J software 
(National Institutes of Health, United States). The percentage of infarct 
volume was calculated as the total volume of white infraction / total 
volume of brain section × 100%.

Rota-rod test

The mice were tested using the rota-rod test to assess their motor 
coordination abilities. The animals were placed on a rotating rod that 
accelerated smoothly from 4 to 40 rpm per min over a 5-min period. 
The length of time taken for the mice to fall off the rod was recorded, 
with a maximum cutoff time of 300 s. Prior to the establishment of the 
ischemic stroke model, the initial drop latency time was documented 
as the baseline measurement.

Modified neurological severity score

The mNSS test, which consisted of five tasks including motor, 
sensory, balance, and reflex functions, was performed to assess their 
neurological functions. The scores were graded from 0 to 18 
(0 = normal function; 1–7 = mild deficit; 8–12 = moderate deficit; 
13–18 = severe deficit), and higher scores reflected greater 
neurological injury.

Y-maze test

Short-term cognitive memory and exploratory behavior were 
measured using a Y-maze apparatus (25 cm long × 8 cm wide × 15 cm 
high, oriented at 120°, BrainScience Idea, Osaka, Japan). Mice were 
placed at the center of the Y-maze and allowed to freely explore the 
three arms for a duration of 5 min. The spontaneous alternation 
behavior (SAB) was calculated as the percentage of spontaneous 
alternation: (the number of spontaneous alternations) / (total number 
of arms crossed – 2) × 100%.

In the Y-maze novel arm test, the three arms were randomly 
assigned to be the novel arm, the start arm, and the other arm. During 
the free-exploration phase, mice were allowed to explore the start arm 
and the other arm for a 10-min session while the novel arm was 
blocked. After this, the mice were returned to their cages for a 1-h 
interval. In the test phase, the mice were placed back in the start arm 
with access to the novel arm for a 5-min session. The time spent in 
each arm was recorded, and the novel arm entries were calculated as 
follows: time spent in the novel arm / total time× 100%.

Fear conditioning test

The fear conditioning test, comprising both contextual and tone 
tests, was designed to assess hippocampal-dependent and 
non-hippocampal-dependent cognitive functions, respectively. Before 
conditioning, the testing chamber (Ugo Basilie, Italy) was sanitized with 
75% ethyl alcohol. The mice were gently put into the chamber to adapt 
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to the surroundings for 2 min. Subsequently, they were subjected to two 
pairings of tone and foot shock (tone at 2,000 Hz, 85 dB, for 30 s; foot 
shock at 0.8 mA, for 2 s) with a 60-s intertrial interval. After a 24-h 

interval, mice were randomly assigned to either the contextual test or the 
tone test, and their freezing behavior was recorded. In the contextual test, 
mice were returned to the same test chamber without any shock for a 

FIGURE 1

The experimental design and the verification of the cerebellar infarct region following PT stroke. The schematic diagrams of PT stroke for focal 
ischemic stroke model in mice were shown in (A). The gross pictures after the PT stroke were shown for the sham group (B) and the PT group (C). The 
white arrow indicated the target infarct site. (D,E) Were the pseudo-color maps of ischemic regions following PT stroke in the sham group and PT 
group, respectively. The white dot circled area indicated the ischemic lesion. Scale bars represented 1 mm. A Schematic of the entire experimental 
timeline is shown in (F). PT, photothrombotic; MRI, magnetic resonance imaging; TTC, 2,3,5-Triphenyltetrazolium chloride; mNSS, modified 
neurological severity score; AAV, adeno-associated virus; FCT, fear conditioning test; RT-PCR, reverse transcription polymerase chain reaction; IF, 
immunofluorescence staining.

122

https://doi.org/10.3389/fnins.2024.1520710
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnins.2024.1520710

Frontiers in Neuroscience 05 frontiersin.org

duration of 8 min. For the tone test, mice were placed in a differently lit 
chamber, which had been wiped with white vinegar to provide a distinct 
olfactory context. Following a 3-min adaptation period to the test box, 
the sound stimulation (2,000 Hz, 85 dB, for 30 s) was administered for 
4.5 min. The entire test, including the adaptation period, lasted 8 min.

Enzyme-linked immunosorbent assay

The levels of inflammation-associated cytokines in the hippocampi, 
including IL-1β, IL-6, TNF-α, IL-4, and IL-10, were quantified using 
specific ELISA kits (R&D systems, United States). All experimental 
procedures were performed following the manufacturer’s instructions.

Immunofluorescence staining

The hippocampi were fixed in 4% paraformaldehyde and 
embedded in paraffin for immunofluorescence staining. After antigen 
retrieval with EDTA, the paraffin sections were washed with 
phosphate-buffered solution (PBS) and then blocked with 5% bovine 
serum albumin at room temperature for 1 h. Following this, the 
sections were incubated with a mouse anti-TREM2 primary antibody 
(1:1,000, 68723-1-Ig, Proteintech) overnight at 4°C. The next day, 
sections were incubated with a goat anti-mouse secondary antibody 
(1:500, RGAM004, Proteintech) for 1 h at room temperature after 
being washed with PBS. For immunofluorescence double staining, 
these sections were then incubated with the following primary 
antibodies overnight at 4°C: rabbit anti-Iba-1 (1:400, 26177-1-AP, 
Proteintech), rabbit anti-GFAP (1:2500, 16825-1-AP, Proteintech), and 
rabbit anti-MAP2 (1:2,500, 17490-1-AP, Proteintech) overnight at 
4°C, respectively. After being washed with PBS, sections were 
incubated with a goat anti-rabbit secondary antibody (1:500, 
RGAR002, Proteintech) for 1 h at room temperature. Finally, the 
sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) to 
locate the nucleus for 5 min and then immediately sealed with an anti-
fluorescence quenching agent. Stained images were obtained through 
the LSM700 confocal microscopy system (ZEISS, Germany). The 
co-localization of TREM2 with Iba-1, GFAP, and MAP2 was 
quantified using the Pearson correlation coefficient (PCC). The PCC 
measures the linear correlation between the fluorescence signals of the 
two markers, where a PCC of 1 indicates a perfect positive correlation, 
0 indicates no correlation, and − 1 indicates a perfect negative 
correlation. To determine if the PCC was significantly greater than 0 
(which would indicate no correlation), a one-sample, one-tailed 
student’s t-test was employed (Paul et al., 2021).

Western blotting analysis

The total proteins of the hippocampi were extracted by using a 
tissue protein extraction kit (BC3711, Solarbio, Beijing, China) 
according to the manufacturer’s instructions. Equal amounts of 
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) followed by transfer to polyvinylidene 
fluoride (PVDF) membranes. After being blocked with 5% milk for 
60 min at room temperature, PVDF membranes were incubated at 
4°C overnight with the following primary antibodies: rabbit anti-
TREM2 antibody (1:1,000, 27599-1-AP, Proteintech), mouse 

anti-PI3K antibody (1:5,000, 60225-1-Ig, Proteintech), rabbit anti-
phosphor-PI3K antibody (1:1000, HA721672, Huabio), rabbit 
anti-AKT antibody (1:2,000, 10176-2-AP, Proteintech), rabbit anti-
phospho-AKT antibody (1:5,000, 80455-1-RR, Proteintech), rabbit 
anti-DAP12 antibody (1:1,000, EPR24244-76, Abcam), rabbit anti-
BDNF antibody (1:600 dilution, 25699-1-AP, Proteintech), and mouse 
anti-β-actin antibody (1:20,000 dilution, 66009-1-Ig, Proteintech). 
PVDF membranes were washed with TBST buffer three times and 
then incubated with secondary antibodies for 1 h at room temperature 
on the next day. The bands on PVDF membranes were visualized in a 
chemiluminescence machine (Bio-Rad, United  States) using an 
enhanced chemiluminescence kit (Solarbio, China). The relative 
density of the protein images was analyzed using ImageJ software.

Reverse transcription polymerase chain 
reaction

The total RNA of hippocampi was collected with Trizol reagent 
(Sigma-Aldrich) according to the operation instructions. The reverse 
transcription of the total RNA was completed by using the HiScript II 
Q RT SuperMix for the qPCR kit (Vazyme Biotech, China). The 
synthesized cDNA templates were used to do quantitative PCR by 
using SYBR Green PCR reagents (Bio-Rad). The ΔΔCt (the threshold 
cycle) values were calculated, and the results were expressed as the 
ratio of the mRNA copies of the TREM2, DAP12, and BDNF genes to 
that of the β-actin genes (reference gene). All data was presented in 
the fold change compared to the control group.

The primers involved in our study were shown as follows: 
5′-ACTGGCTTGGTCATCTCTTTTCT-3′ (forward) and 5′-GTG 
TTGAGGGCTTGGGACA-3′ (reverse) for TREM2; 5′-CCTCCTG 
GTGCCTTCTGTTC-3′ (forward) and 5′-AGTCGCATCTTGGGA 
AAGTGT-3′ (reverse) for DAP12; 5′-TATTAGCGAGTGGGTC 
ACAGC-3′ (forward) and 5′-ATTGCGAGTTCCAGTGCCTT-3′ 
(reverse) for BDNF; 5′-GGCTGTATTCCCCTCCATCG-3′ (forward) 
and 5′-CCAGTTGGTAACAATGCCATGT-3′ (reverse) for β-actin.

Statistical analyses

The sample size was based on previous pilot studies and literature. 
All data were shown as the mean and standard deviation (mean ± SD). 
Statistical evaluation of the data was performed by one-way analysis 
of variance (ANOVA), followed by Tukey multiple-comparison post 
hoc analysis. Statistical significance was defined as p < 0.05. All 
statistical graphs were performed with Graph Pad Prism (Graph Pad 
Software 6.0, San Diego, CA, United States).

Results

EE protected against neurological 
dysfunctions induced by ischemic stroke in 
mice

To determine the neuroprotective effects of EE in vivo, the rota-rod 
test and mNSS were applied to evaluate the neurological functions of mice 
after PT stroke. On days 3 and 4 after ischemic stroke, the latency to fall 
was calculated 8 times from 4 consecutive measurements with an interval 
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of 1 h a day. As presented in Figure 2A, mice in all PT groups maintained 
their balance on the rota-rod apparatus for a shorter time than the sham 
groups. Mice in the PT + EE group had longer latency times compared 
with the PT + SE group. Similarly, mice in the Sham+EE group had longer 
latency times than mice in the Sham +SE group. In the mNSS test, mice 
in the PT + SE group showed higher scores when compared with the 
PT + EE group (p < 0.05) and the Sham+SE group (p < 0.0001) on day 3 
after PT stroke (Figure 2B).

Meanwhile, we  performed a whole-brain MRI to detect the 
ischemic foci on day 3 after the ischemic stroke. The T2-weighted 
images characterized by increased signal intensity compared to the 
surrounding brain tissue could be observed in the PT + SE group and 
PT + EE group (Figure  2C). In TTC staining, a white area was 
observed in the PT + SE group and PT + EE group, which represented 

cerebral infarction (Figure  2D). However, infarct volume had no 
significant difference between the PT + SE group and PT + EE group 
according to the TTC staining (p > 0.05, Figure  2E). The results 
indicated that EE ameliorated neurological dysfunctions induced by 
ischemic brain injury and promoted motor coordination ability in 
mice without brain damage.

EE improved neurological impairment 
exacerbated by ischemic stroke after 
surgical trauma

To investigate the effect of EE on surgery-induced cognitive 
dysfunctions in mice with ischemic stroke, the Y-maze test was used 

FIGURE 2

EE protects against brain damage after an ischemic stroke. (A) The time of latency to fall in the rota-rod test during the 2-day training (n = 18). (B) The 
brain damage was evaluated by mNSS scores (n = 12). (C) The T2-weighted images of whole-brain MRI on day 3 after the PT stroke showed the infarct 
area (increased signal intensity). (D) 2,3,5-Triphenyltetrazolium chloride (TTC) staining of brain slices 3 days after PT stroke showed the infarct area 
(white). (E) The relative proportion and quantification of infarct volume by TTC staining (n = 3). ns: no significant, *p < 0.05, ***p < 0.001, 
****p < 0.0001. Error bars were represented as mean ± SD.
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to assess the memory functions and spatial learning abilities of mice 
on days 7–10 after left nephrectomy. As shown in Figure 3A, the SAB 
ratio showed a significant decrease in the PT + SE group when 
compared to the Sham+SE (p < 0.05) group and PT + EE group (p < 
0.05) before surgery. And surgical trauma enlarged their difference (p 
< 0.0001 for Sham+SE vs. PT + SE, p < 0.01 for PT + SE vs. PT + EE, 
Figure 3B). The decreased SAB ratio was higher in the PT + SE when 
compared to the Sham+SE group (p < 0.0001) and PT + EE (p < 
0.0001, Figure  3C). These data indicated that surgical trauma 
exacerbated the existing memory impairment in mice with ischemic 
stroke, and EE improved their memory functions. Meanwhile, the 
decreased SAB ratio was lower in the Sham+EE when compared to the 
Sham+SE group (p < 0.05), which indicated that EE was also helpful 
for improving memory in mice without brain damage. Similar to the 
memory functions, the Y-maze novel arm test showed the positive 
effects of EE on the spatial learning abilities of mice with ischemic 
stroke. As shown in Figure  3D, the novel arm entries showed a 
significant decrease in the PT + SE group when compared to the 
Sham+SE (p < 0.05) group and PT + EE group (p < 0.05) before 
surgery. And a larger decrease could be observed after surgery (p < 
0.01 for Sham+SE vs. PT + SE, p < 0.001 for PT + SE vs. PT + EE, 
Figure  3E). The decreased novel arm entries were higher in the 
PT + SE when compared to the Sham+SE group (p < 0.05) and 
PT + EE (p < 0.05, Figure  3F). The above findings indicated that 
surgical trauma exacerbated cognitive dysfunctions induced by 
ischemic stroke, while EE played a role in attenuating learning and 
memory impairment.

To explore whether the hippocampus was involved in regulating 
cognitive functions, the mice were tested by the contextual test and 
tone test on days 7–10 after left nephrectomy. In the contextual test, 
the freezing time was shorter in the PT + SE group when compared 
with the Sham+SE group (p < 0.01 for preoperation, p < 0.001 for 
postoperation) and PT + EE (p < 0.05 for preoperation, p < 0.05 for 
postoperation, Figures  3G,H). Figure  3I showed that the PT + SE 
group exhibited the greatest change ratio in freezing time among all 
groups. However, there was no significant difference among all groups 
in the tone-related fear test (Figures 3J–K). It indicated that both the 
ischemic stroke-induced impairment and surgery-induced 
impairment were hippocampus-dependent.

EE suppressed neuroinflammation in the 
hippocampus after surgery

Twenty-four hours after surgery, the expression level of 
inflammation-associated factors in the hippocampus was significantly 
higher in the PT + SE group when compared to the Sham+SE group 
and PT + EE group (IL-1β: p < 0.001 for sham+SE vs. PT + SE, 
p < 0.05 for PT + SE vs. PT + EE; IL-6: p < 0.01 for sham+SE vs. 
PT + SE, p < 0.01 for PT + SE vs. PT + EE; TNF-α: p < 0.01 for 
sham+SE vs. PT + SE, p < 0.001 for PT + SE vs. PT + EE; 
Figures  4A–C). And compared with the Sham+SE group, the 
concentrations of IL-6 (p < 0.001) and TNF-α (p < 0.0001) were 
significantly decreased in the Sham+EE group (Figures  4A–C). 
However, opposite changing trends were observed in the expressions 
of proinflammatory factors, including IL-4 and IL-10 (Figures 4D,E). 
These results indicated that the development of POCD had a strong 
correlation with high-grade inflammation in the hippocampus, and 

EE inhibited the inflammatory reaction to improve neurological 
dysfunctions induced by cerebral injury and surgery.

EE upregulated the expression of TREM2 
after surgical trauma

To explore the effect of EE on the endogenous expression level of 
TREM2 in the hippocampus, we performed RT-PCR and the western 
blot analysis on day 10 after surgery. The results of the western blot 
showed that ischemic stroke downregulated the expression of TREM2 
at the protein level in the hippocampus while EE reversed its effect 
(p < 0.05 for Sham+SE vs. PT + SE; p < 0.05 for Sham+SE vs. 
Sham+EE; p < 0.01 for PT + SE vs. PT + EE; Figures 5A,B). DAP12, as 
the obligate adaptor of TREM2, its expression level at the protein level 
showed a similar trend coinciding with that of TREM2 (Figures 5C,D). 
Meanwhile, the results of RT-PCR further confirmed the changing 
trend of TREM2 and DAP12 at the mRNA level (Figures 5E,F).

It is reported that TREM2 is primarily expressed by microglia in 
the CNS, with expression levels significantly higher than in neurons 
or other cells (Deczkowska et  al., 2020). Therefore, double 
immunofluorescence staining was performed to determine the cellular 
localization of TREM2 in the hippocampus of mice in the Sham+EE 
group on day 10 after surgery.

The results showed that the fluorescence signal of TREM2 was 
highly colocalized with that of Iba-1 (microglia), whereas no 
significant overlapping fluorescence signals were observed between 
TREM2 and GFAP (astrocytes) or between TREM2 and MAP2 
(neurons) in the dentate gyrus (DG) (Figures 5G,H). These results 
indicated that the upregulation of TREM2 on microglia in the 
hippocampus played an important role in neuroprotection against 
surgical trauma.

EE activated the PI3K/Akt signaling 
pathway

To explore the possible mechanism of how EE improved POCD in 
mice with ischemic stroke, we  focused on the PI3K/Akt signaling 
pathway, which is important in regulating the inflammatory reaction. 
We observed that after surgery, the p-PI3K / PI3K ratio in the EE groups 
was significantly higher than that in the SE groups (p < 0.01 for sham+SE 
vs. sham+EE; p < 0.0001 for PT + SE vs. PT + EE; Figures  6A,B). 
Additionally, the downregulation of the p-PI3K / PI3K ratio was found 
in the hippocampus of mice with ischemic stroke (p < 0.05 for sham+SE 
vs. PT + SE, Figures 6A,B). The same trend was found in the protein 
p-Akt /Akt ratio, as shown in Figures 6C,D. The above data demonstrated 
that EE reversed the development of POCD via activating the PI3K/Akt 
signaling pathway, and ischemic stroke aggravated neurologic 
impairment by inhibiting the phosphorylation of key proteins.

The knockdown of TREM2 abolished the 
neuroprotective effects of EE in mice with 
ischemic stroke

In this study, AAV-TREM2-shRNA was injected in C57BL/6 mice 
to knock down the expression of TREM2 in the hippocampal tissue. 
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FIGURE 3

The results of behavioral tests before and after surgery in mice with ischemic stroke. (A–C) The percentage of spontaneous alteration in the Y maze 
test (n = 12). (D–F) The percentage of novel arm entries in the Y maze test (n = 12). (G–I) The freezing time in contextual test (n = 6). (J–K) The 
freezing time in tone test (n = 6). ns: no significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, the Sham+SE group vs. the PT + SE group; 
#p < 0.05, ##p < 0.01, ###p < 0.001, the PT + SE group vs. the PT + EE group; ^p < 0.05, the Sham+SE group vs. the Sham+EE group; @p < 0.05, 
Sham+SE group vs. the PT + EE group. Error bars were represented as mean ± SD.
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To determine the knockdown efficiency of AAV-TREM2-shRNA in 
each group, the expression of TREM2 in the hippocampal tissue was 
detected by western blot analysis and RT-PCR on day 21 after the 
stereotaxic injection of AAV-TREM2-shRNA.

The results of the western blot showed that the expression of 
TREM2 at the protein level showed a significant decrease in the 
hippocampus after the administration of TREM2-shRNA (p < 0.05 for 
SE+ vehicle vs. SE+ shRNA and p < 0.01 for EE+ vehicle vs. EE+ 
shRNA, Figures 7A,B). Moreover, the expression level of the TREM2 
protein showed no significant difference between the SE+ shRNA 
group and the EE+ shRNA group (p > 0.05, Figures 7A,B). The same 
trend was found in the expression level of the DAP12 protein, as 
Figures 7C,D shows. The results of RT-PCR further confirmed the 
knockdown of TREM2 at the mRNA level (Figures 7E,F).

The knockdown of TREM2 in the hippocampus induced severe 
neurological deficits assessed by the Y-maze spontaneous alternation 
test (p < 0.05 for SE+ vehicle vs. SE+ shRNA, p < 0.0001 for EE+ 
vehicle vs. EE+ shRNA, Figure 8A), Y-maze novel arm test (p < 0.001 
for SE+ vehicle vs. SE+ shRNA, p < 0.0001 for EE+ vehicle vs. EE+ 
shRNA, Figure 8B), and contextual test (p < 0.05 for SE+ vehicle vs. 

SE+ shRNA, p < 0.01 for EE+ vehicle vs. EE+ shRNA, Figure 8C). 
Meanwhile, mice in the SE+ shRNA group had similar performance 
in behavioral tests compared with mice in the EE + shRNA group 
(p > 0.05, Figures  8A–C). These data indicated that the TREM2-
knockdown in the hippocampus abolished the neuroprotective effects 
of EE after surgery.

The TREM2-knockdown with TREM2-shRNA significantly 
decreased the phosphorylation level of PI3K and Akt in shRNA 
groups compared with vehicle groups (p-PI3K/PI3K: p < 0.05 for SE+ 
vehicle vs. SE+ shRNA, p < 0.01 for EE+ vehicle vs. EE+ shRNA; 
p-AKT/AKT: p < 0.05 for SE+ vehicle vs. SE+ shRNA, p < 0.01 for EE+ 
vehicle vs. EE+ shRNA, Figures 8D–G). Meanwhile, the expression 
level of p-PI3K and p-AKT showed no difference between the SE+ 
shRNA group and the EE+ shRNA group (p > 0.05, Figures 8D–G). 
Similar expression levels of IL-1β, IL-6, TNF-α, IL-4, and IL-10 were 
observed in the two groups (p > 0.05, Supplementary Figures S1A–E). 
According to the above data, it could be speculated that the TREM2-
knockdown inhibited the activation of the PI3K/Akt signaling 
pathway to abolish the neuroinflammation inhibitory effects of EE in 
the development of POCD.

FIGURE 4

The inflammation level in the hippocampus after surgery in mice with ischemic stroke. (A–E) The concentrations of inflammation-associated factors in 
the hippocampus in mice with ischemic stroke at 24 h after surgery (n = 3). **p < 0.01, ***p < 0.001, the Sham+SE group vs. the PT + SE group; 
#p < 0.05, ##p < 0.01, ###p < 0.001, the PT + SE group vs. the PT + EE group; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001, ^^^^p < 0.0001, the Sham+SE 
group vs. the Sham+EE group. Error bars were represented as mean ± SD.

127

https://doi.org/10.3389/fnins.2024.1520710
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnins.2024.1520710

Frontiers in Neuroscience 10 frontiersin.org

FIGURE 5

EE upregulated the expression of TREM2 in the hippocampus after surgery in mice with ischemic stroke. (A,B) The expression of TREM2 protein in the 
hippocampus on day 10 after surgery (n = 3). (C,D) The expression of DAP12 protein in the hippocampus on day 10 after surgery (n = 3). (E) The 
expression of TREM2 mRNA in the hippocampus on day 10 after surgery (n = 3). (F) The expression of DAP12 mRNA in the hippocampus on day 10 
after surgery (n = 3). (G) The immunofluorescence of the cellular localization of TREM2 in the hippocampus of mice in the Sham+EE group on day 10 
after surgery (n = 3). DG: dentate gyrus. Scale bars represented 10 μm and 50 μm. ns: no significant; *p < 0.05, ***p < 0.001, the Sham+SE group vs. the 
PT + SE group; #p < 0.05, ##p < 0.01, the PT + SE group vs. the PT + EE group; ^p < 0.05, ^^^p < 0.001, the Sham+SE group vs. the Sham+EE group. 
Error bars were represented as mean ± SD.
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Discussion

Neuroinflammation plays a significant role in neurodegenerative 
diseases and has been established as an independent risk factor for the 
development of POCD (Li et al., 2022; Qin et al., 2022; Yang et al., 
2022). In our experiment, the post-surgical assessment of 
proinflammatory cytokines, including IL-1β, IL-6, and TNF-α in the 
hippocampal tissue, revealed that the inflammatory response in the 
CNS of mice with stroke was markedly higher than that in mice 
undergoing sham operations. During cerebral ischemia, alterations in 
endothelial shear stress and hemorheological changes due to vascular 
occlusion rapidly initiate an inflammatory cascade (Jurcau and 
Simion, 2021). The sustained inflammatory response following an 
infarct may disrupt the blood–brain barrier’s integrity, permitting 
peripheral inflammatory cells and factors activated by surgical stress 
to infiltrate the CNS and exacerbate the inflammatory response (Liu 
et  al., 2023). Based on this perspective, interventions that target 
neuroinflammatory responses, including the direct administration of 
anti-inflammatory medications, the blockade of inflammatory 
signaling pathways, and the modulation of microglial activity, have 
attracted increased attention in the prevention and treatment of 
POCD (Huang et al., 2020; Li et al., 2020; Cho et al., 2021).

TREM2 is pivotal in modulating immune responses, 
inflammation, and neuroprotection, positioning it as a promising 
therapeutic target for neurodegenerative diseases such as Alzheimer’s, 

Parkinson’s, and multiple sclerosis (Cignarella et al., 2020; Zhang et al., 
2023; Huang et  al., 2024). The activation of TREM2 can mitigate 
inflammatory responses and enhance microglial phagocytosis, thereby 
ameliorating neurological function and reducing neuroinflammation 
and neuronal apoptosis (Liu et al., 2022). Our research corroborates 
these effects, as mice in EE demonstrated superior behavioral 
performance post-stroke and post-surgical stimulation compared to 
those in SE, with concurrent elevated TREM2 expression in their 
hippocampal tissue. The activated PI3K/Akt signaling pathway 
induced by TREM2 mediates the shift of microglia from the M1 to the 
M2 phenotype in response to CNS inflammation, thereby improving 
cognitive impairment (Wang et al., 2020). Our study further identified 
the activation of the PI3K/Akt signaling pathway, with the expression 
levels of phosphorylated proteins being positively correlated with 
TREM2 expression levels. Additionally, the knockdown of endogenous 
TREM2 by TREM2 shRNA exacerbated neurological deficits and 
reduced TREM2 expression in ischemic stroke mice. Moreover, 
TREM2 knockdown reversed the beneficial effects of EE on the 
expression of proinflammatory factors and key proteins within the 
PI3K/Akt signaling pathway. Ultimately, our findings suggest that 
TREM2 activation induced by EE mitigated neuroinflammation and 
POCD in ischemic stroke mice, an effect that was, at least in part, 
mediated by the activation of the PI3K/Akt signaling pathway.

Microglia are essential in hippocampal neuroinflammation 
following aseptic trauma, where they influence cognitive function by 

FIGURE 6

EE activated the PI3K/Akt signaling pathway in the hippocampus after surgery in mice with ischemic stroke. (A) The results of the western blot of 
p-PI3K and PI3K. (B) The protein p-PI3K / PI3K ratio in the hippocampus on day 10 after surgery (n = 3). (C) Western bolt results of p-AKT and AKT. 
(D) The protein p-AKT/ AKT ratio in the hippocampus on day 10 after surgery (n = 3). *p < 0.05, **p < 0.01, the Sham+SE group vs. the PT + SE group; 
#p < 0.05, ####p < 0.0001, the PT + SE group vs. the PT + EE group; ^^p < 0.01, the Sham+SE group vs. the Sham+EE group. Error bars were 
represented as mean ± SD.
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modulating neural activity and synaptic plasticity through the release 
of various cytokines (Feng et  al., 2017; Lecca et  al., 2022). It was 
reported that TREM2 was expressed not only on microglia but also on 
astrocytes and neurons in a mouse model of intracerebral hemorrhage 
(Chen et al., 2020). DG is an important site for neurogenesis and plays 
a significant role in the function of the hippocampus, particularly in 
the formation of memory and spatial navigation (Anacker et al., 2018; 
Li et al., 2023). Consequently, it is an important research subject in the 
study of cognitive disorders (Le et  al., 2014; Kong et  al., 2024). 
However, our results showed that the colocalization correlation of 
TREM2 on astrocytes and neurons was not significant in DG, possibly 
due to distinct pathological changes between hemorrhagic and 
ischemic conditions.

TREM2 agonists and inhibitors of the PI3K/AKT signaling 
pathway are being explored as potential therapeutic strategies for 
neurological disorders (Zhang et al., 2019; Rodriguez et al., 2020; 
Singh et al., 2024). However, the clinical application of these drugs 

faces several challenges, including the need for precise molecular 
targeting, effective drug delivery systems, and the minimization of 
potential side effects. In our study, we  selected EE as a 
non-pharmacological TREM2 agonist, with the goal of mitigating 
POCD by exposing mice with ischemic stroke to enriched 
environmental stimuli during the perioperative period. Our results 
align with previous studies in this regard (Yang et  al., 2021). 
Cognitive neuroscience research suggests that cognitive processes 
can influence neural structures and functions. An enriched 
environment offers additional stimuli that promote neuronal 
growth and development. Concurrently, the brain’s adaptive 
capacity works to counteract increasing damage through the 
dynamics of neural networks (Gabriel et  al., 2020; Yu and Wei, 
2021; Di Castro et al., 2022).

Several limitations need to be mentioned in this study. Firstly, 
our assessment was confined to short-term neurofunctional 
outcomes in mice, necessitating further research to elucidate the 

FIGURE 7

TREM2 shRNA successfully decreased the expression of TREM2 in the hippocampus on day 21 after the injection of TREM2 shRNA. (A,B) The 
expression of TREM2 protein in the hippocampus (n = 3). (C,D) The expression of DAP12 protein in the hippocampus (n = 3). (E) The expression of 
TREM2 mRNA in the hippocampus (n = 3). (F) The expression of DAP12 mRNA in the hippocampus. ns: no significant; *p < 0.05, ***p < 0.001, the 
SE + vehicle group vs. the SE + shRNA group; ##p < 0.01, ###p < 0.001, the EE+ vehicle group vs. the EE+ shRNA group. Error bars were represented 
as mean ± SD.
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long-term therapeutic effects of EE. Secondly, given that TREM2 
expression was diminished by chronic ischemic stroke, it is 
imperative to investigate how acute ischemic stroke impacts TREM2 
levels. Additionally, the activation and polarization state of microglia 
are pivotal in the progression of neural damage following ischemic 
stroke (Jiang et  al., 2020). Our study did not focus on the 
differentiation of microglial subtypes; hence, relying solely on 
inflammatory cytokine results might not provide an accurate 
depiction of inflammation levels.

In this study, we initially established an ischemic stroke model 
by PT stroke to investigate the impact of EE on POCD. Our focus 
was on the potential neuroprotective role of TREM2 and its 
relationship with the PI3K/Akt signaling pathway. We observed that 
ischemic stroke resulted in neurological functional impairment, 
which was exacerbated by surgical trauma. However, exposure to 
EE could ameliorate these neurofunctional deficits. The 
improvement in neurofunctional impairment was associated with 
a reduction in inflammatory status and an upregulation of 

FIGURE 8

The knockdown of TREM2 abolished the neuroprotective effects of EE and inhibited the PI3K/Akt signaling pathway in the hippocampus of mice with 
ischemic stroke after surgery. (A–C) The behavioral tests of each group (n = 6). (D) Western bolt results of p-PI3K and PI3K. (E) The protein p-PI3K / 
PI3K ratio in the hippocampus on day 10 after surgery (n = 3). (F) Western bolt results of p-AKT and AKT. (G) The protein p-AKT/AKT ratio in the 
hippocampus on day 10 after surgery (n = 3). ns: no significant; *p < 0.05, ***p < 0.001, the SE + vehicle group vs. the SE + shRNA group; ##p < 0.01, 
####p < 0.0001, the EE+ vehicle group vs. the EE+ shRNA group. Error bars were represented as mean ± SD.

131

https://doi.org/10.3389/fnins.2024.1520710
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Yao et al. 10.3389/fnins.2024.1520710

Frontiers in Neuroscience 14 frontiersin.org

TREM2 in the hippocampus, along with the activation of the PI3K/
AKT signaling pathway. We believe that our findings can contribute 
to the development of a safe perioperative prevention and treatment 
strategy for improving POCD in patients with stroke. Furthermore, 
our research may provide valuable insights for future investigations 
into the mechanisms underlying the combination of stroke 
and POCD.
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