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Editorial on the Research Topic
 Advances in neural reprogramming, disease modeling and therapeutic insights




The human race advanced in the last century in an exponentially growing increase of knowledge. We can send rockets to space, use computers that can easily store terabytes of information and do billions of instructions per second, develop artificial intelligence that is hard to distinguish from a living human person and build smartphones that can communicate dozens of megabytes of information every second between distant places on earth. However, despite major advances in the medical field, many brain-related disorders and diseases still have no cures today, and often we cannot even understand why the disease has started. Disease modeling should therefore be a top priority. Stem cell models and regeneration using stem cells play an important role and hold great promise both for understanding disease and also for cures, especially in neurodegenerative disease. In this Research Topic of Frontiers in Aging Neuroscience, important advances in the field have been reported. This Research Topic includes models for neurodegenerative diseases, potential new therapeutics, and related reviews summarizing what is currently known in the field.

Patient-derived neurons are excellent models but in addition, are now considered also as a huge potential for transplantation and cell replacement in the cases of neurodegeneration or trauma. Limone et al. reviewed the literature on this important topic. The authors cover advances in methods used to differentiate human pluripotent stem cells into several highly specialized types of neurons, including cholinergic, dopaminergic, and motor neurons, and the potential clinical applications of stem cell-derived neurons for common neurodegenerative diseases, including Alzheimer's disease, Parkinson's disease, Huntington's disease, ataxia, and amyotrophic lateral sclerosis. Differentiation techniques for glial cell populations are also described in their review, including oligodendrocytes and microglia. Clinical trials of cell replacement therapies in the nervous system are underway holding great promise in regenerative medicine.

Mesenchymal stem cells have also been shown to incur regenerative possibilities (Guo et al., 2019; Margiana et al., 2022). Nam et al. have sought to explore the regenerative potential of an autologous bone marrow-derived mesenchymal stem cell (BM-MSC) product (Neuronata-R® lenzumestrocel) in amyotrophic lateral sclerosis (ALS). The survival rate of 157 patients treated with intrathecal lenzumestrocel was compared with placebo-treated patients. Remarkedly, the treated patients' survival after 500 and 1,000 days were orders of magnitude higher than the placebo groups, even with a single dose. Therefore, lenzumestrocel treatment is concluded to have a significant, long-term survival benefit in ALS patients.

Neurons derived through the reprogramming of somatic cells and differentiation have been shown to lack aging related signatures and are considered rejuvenated (Mertens et al., 2018). Studies show that even these young neurons carry information that relates to biological differences in the patients' brains (Choudhary et al., 2022; Hussein et al., 2023) and the case of neurodegenerative disease these probably occur long before the disease onset (Stern et al., 2022; Rike and Stern, 2023). However, other studies show also that especially in aging-related diseases, it may be important to use models where the age signatures persist through the differentiation (Mertens et al., 2021; Lau et al., 2022). Aversano et al. reviewed the latest literature on iPSC-derived neurons vs. directly converted neurons from somatic cells that retain the aging information and epigenetic modifications and listed the advantages and disadvantages of these methods.

Autophagy, a cellular process crucial for maintaining cellular homeostasis, takes center stage in the mini-review from Danics et al.. It explores the role of autophagy in aging and age-related neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, and Huntington's disease. Dysfunctional autophagy is commonly observed in these diseases, leading to the accumulation of toxic proteins and cellular imbalance. Danics et al. emphasize the potential of targeting autophagy as a therapeutic approach, opening doors to novel pharmacological interventions and clinical trials. Human-relevant models, including induced pluripotent stem cell-derived neurons and directly reprogrammed neurons, offer valuable insights into autophagy alterations and can aid in the development of effective treatments.

Chen et al. highlighted the detrimental effects of a long-term high-fat diet (HFD) on the brain and its link to the activation of specific signaling pathways. The study provides compelling evidence of the molecular pathology underlying obesity-related brain damage and cognitive impairment. It highlights the importance of understanding the impact of HFD on brain metabolism, especially in the context of aging and neurodegenerative diseases. These findings contribute to the development of diagnostic strategies and personalized treatment approaches for age-related conditions and neurodegenerative disorders.

Sleep disturbances have been previously associated with an increased probability of cognitive decline and neurodegeneration (Raggi and Ferri, 2010; Trotti and Karroum, 2016; Wennberg et al., 2017). Wang et al. have investigated Obstructive Sleep Apnea (OSA) that leads to hypoxia and sleep disturbance. The authors used structural equation modeling to investigate how hypoxia and sleep disturbance affect gray matter structures. For this, 74 participants underwent overnight polysomnography and T1-weighted Magnetic Resonance Imaging. The computational models revealed hypoxia-associated increases in gray matter volume, cortical thickness, and sulcal depth. Sleep disturbance on the other hand was shown to be largely associated with reduced gray matter volume and sulcal depth.

The dysfunction of BDNF signaling has central roles in neurological disorders including psychiatric and neurodegenerative diseases (Boulle et al., 2012; Lima Giacobbo et al., 2019; Miranda et al., 2019). Li Y. et al. explored the impact of Brain-derived neurotrophic factor (BDNF) dysfunctions that are mediated by the activation of two receptors, tropomyosin receptor kinase B (TrkB) receptor and the p75 neurotrophin receptor and are involved in physiological and pathological processes throughout life. Their review discusses the current knowledge and future directions in BDNF-associated research with an emphasis on the physiological and pathological functions in a long list of neurodegenerative diseases as well as other diseases such as diabetes and cancer. Methods to increase BDNF levels are discussed and BDNF-overexpressed stem cell transplantation is suggested as a possible promising therapeutic strategy.

In the study of Kühne et al. an in vitro rabbit neurosphere model was introduced to study the effects of intrauterine growth restriction (IUGR) on neuronal development. IUGR is known to cause neurodevelopmental abnormalities, and this model mimics the conditions seen in humans. The neuroprotective properties of lactoferrin, a potential therapeutic agent, were highlighted in preventing adverse effects on neurite length associated with IUGR. These findings provide valuable insights into the development of interventions to protect against IUGR-induced alterations in neuronal development and improve long-term cognitive outcomes.

Lin et al. unravel the role of C-X-C motif chemokine 12 (CXCL12) in experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS). The team used gene therapy to upregulate CXCL12 in the spinal cord of rats and induced EAE. They found that upregulated CXCL12 alleviated EAE symptoms and reduced clinical scores. The levels of myelin basic protein (MBP) and glial fibrillary acidic protein (GFAP) were higher in the CXCL12 group, indicating enhanced remyelination. Interestingly, the upregulation of CXCL12 did not induce significant leukocyte infiltration into the spinal cord. The study also demonstrated that CXCL12 promoted the differentiation of OPCs into oligodendrocytes in vitro. This study offers new avenues for targeting the CXCL12/CXCR4 axis as a potential therapeutic approach to enhance remyelination in MS and sheds light on the underlying mechanisms involved.

Contrast-induced encephalopathy (CIE) is a rare complication arising from exposure to iodinated contrast media during angiographic procedures. The review from Zhang et al. provides insights into the risk factors associated with prognosis. Female gender, younger age, higher contrast medium dose, and cerebral angiography procedure were linked to a poorer prognosis. Comorbidities such as hypertension, diabetes mellitus, renal insufficiency, and previous reactions to contrast media were also identified as potential risk factors. Neuroimaging and cerebrospinal fluid examination can aid in diagnosing CIE and distinguishing it from other neurological conditions. Supportive care, hydration, steroids, mannitol, and anti-epileptic medications are common treatment approaches. The review emphasizes that CIE can have lasting neurological effects, even with low doses of contrast media, and highlights the need for further research to better understand and manage this condition.

Meige's syndrome is a rare form of cranial dystonia. Current treatments such as oral medications and botulinum toxin injections have limitations. Deep brain stimulation is an alternative but has technical requirements and high costs. Huang et al. explore the use of CT-guided extracranial radiofrequency ablation for Meige's syndrome. They performed radiofrequency ablation on cranial nerves involved in the condition, targeting specific muscles. They found that the treatment resulted in symptom alleviation, although some patients experienced mild facial paralysis and sensory changes. Recurrences were observed in two cases. They suggested that CT-guided extracranial radiofrequency ablation could be a potential treatment option for Meige's syndrome, in addition to botulinum toxin injections and deep brain stimulation.

A major complication of liver disease is Hepatic encephalopathy. Through elevated levels of ammonia/ammonium in the blood and cerebrospinal fluid, the patients suffer from olfactory dysfunction. Li M. et al. performed patch-clamp recordings of mitral cells (MCs) in the mouse olfactory bulb (OB) and found involvement of glutamate receptors in NH[image: image]-induced hyperexcitability of MCs. NH[image: image] reduced the currents of voltage-gated K+ channel (Kv) that may be linked to an attenuation of the spontaneous firing amplitudes. NH[image: image] also enhanced the amplitude of long-lasting spontaneous excitatory post-synaptic currents (sEPSCs) and increased the expression of NR1 and GluR1 on the membrane indicating an increased trafficking of glutamate receptors to the membrane. Importantly, the enhanced activity of glutamate receptors caused increased cell death through excitotoxicity, providing a potential pathological mechanism of the olfactory defects in patients with hyperammonemia and HE.


Author contributions

SS: Conceptualization, Writing—original draft, Writing—review and editing. SL: Conceptualization, Writing—original draft, Writing—review and editing.



Funding

SS was supported by Zuckerman STEM Leadership Program.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Boulle, F., van den Hove, D. L., Jakob, S. B., Rutten, B. P., Hamon, M., van Os, J., et al. (2012). Epigenetic regulation of the BDNF gene: implications for psychiatric disorders. Mol. Psychiatry 17, 584–596. doi: 10.1038/mp.2011.107

 Choudhary, A., Peles, D., Nayak, R., Mizrahi, L., and Stern, S. (2022). Current progress in understanding schizophrenia using genomics and pluripotent stem cells: a meta-analytical overview. Schizophr. Res. doi: 10.1101/2022.08.18.504397

 Guo, S., Perets, N., Betzer, O., Ben-Shaul, S., Sheinin, A., Michaelevski, I., et al. (2019). Intranasal delivery of mesenchymal stem cell derived exosomes loaded with phosphatase and tensin homolog siRNA repairs complete spinal cord injury. ACS Nano 13, 10015–10028. doi: 10.1021/acsnano.9b01892

 Hussein, Y., Tripathi, U., Choudhary, A., Nayak, R., Peles, D., Rosh, I., et al. (2023). Early maturation and hyperexcitability is a shared phenotype of cortical neurons derived from different ASD-associated mutations. Transl. Psychiatry 13, 246. doi: 10.1038/s41398-023-02535-x

 Lau, S., Stern, S., Linker, S., Silva, I. D., Nakatsuka, N., and Tampé, J. (2022). Identification of an age-related Parkinson's disease risk factor that regulates sulfur metabolism. ResearchSquare. doi: 10.21203/rs.3.rs-1168396/v1


 Lima Giacobbo, B., Doorduin, J., Klein, H. C., Dierckx, R., Bromberg, E., de Vries, E. F., et al. (2019). Brain-derived neurotrophic factor in brain disorders: focus on neuroinflammation. Mol. Neurobiol. 56, 3295–3312. doi: 10.1007/s12035-018-1283-6

 Margiana, A., Markov, A., Zekiy, A. O., Hamza, M. U., Al-Dabbagh, K. A., Al-Zubaidi, S. H., et al. (2022). Clinical application of mesenchymal stem cell in regenerative medicine: a narrative review. Stem Cell Res. Ther. 13, 366. doi: 10.1186/s13287-022-03054-0

 Mertens, J., Herdy, J. R., Traxler, L., Schafer, S. T., Schlachetzki, J. C. M., Bohnke, L., et al. (2021). Age-dependent instability of mature neuronal fate in induced neurons from Alzheimer's patients. Cell Stem Cell 28, 1533–1548. e6. doi: 10.1016/j.stem.2021.04.004

 Mertens, J., Reid, D., Lau, S., Kim, Y., and Gage, F. H. (2018). Aging in a dish: iPSC-derived and directly induced neurons for studying brain aging and age-related neurodegenerative diseases. Annu. Rev. Genet. 52, 271–293. doi: 10.1146/annurev-genet-120417-031534

 Miranda, M., Morici, J. F., Zanoni, M. B., and Bekinschtein, P. (2019). Brain-derived neurotrophic factor: a key molecule for memory in the healthy and the pathological brain. Front. Cell. Neurosci. 13, 363. doi: 10.3389/fncel.2019.00363

 Raggi, A., and Ferri, R. (2010). Sleep disorders in neurodegenerative diseases. Eur. J. Neurol. 17, 1326–1338. doi: 10.1111/j.1468-1331.2010.03034.x

 Rike, W. A., and Stern, S. (2023). Proteins and transcriptional dysregulation of the brain extracellular matrix in Parkinson's disease: a systematic review. Int. J. Mol. Sci. 24, 7435. doi: 10.1101/2023.03.01.23286630

 Stern, S., Lau, S., Manole, A., Rosh, I., Percia, M. M., Ben Ezer, R., et al. (2022). Reduced synaptic activity and dysregulated extracellular matrix pathways in midbrain neurons from Parkinson's disease patients. NPJ Parkinsons Dis. 8, 103. doi: 10.1038/s41531-022-00366-z

 Trotti, L. M., and Karroum, E. G. (2016). Melatonin for sleep disorders in patients with neurodegenerative diseases. Curr. Neurol. Neurosci. Rep. 16, 63. doi: 10.1007/s11910-016-0664-3

 Wennberg, A. M. V., Wu, M. N., Rosenberg, P. B., and Spira, A. P. (2017). Sleep disturbance, cognitive decline, and dementia: a review. Semin. Neurol. 37, 395–406. doi: 10.1055/s-0037-1604351













	 
	

	TYPE Review
PUBLISHED 08 September 2022
DOI 10.3389/fnagi.2022.986443





The role of brain derived neurotrophic factor in central nervous system

Yiyi Li1,2, Fang Li1,2, Dongdong Qin1,2, Hongyu Chen1,2, Jianhao Wang1,2, Jiabei Wang1,2, Shafei Song1,2, Chao Wang1,2, Yamei Wang1,2, Songyan Liu1,2, Dandan Gao1,2 and Zhi-Hao Wang1,2*

1Department of Neurology, Renmin Hospital of Wuhan University, Wuhan, China

2Center for Neurodegenerative Disease Research, Renmin Hospital of Wuhan University, Wuhan, China

[image: image]

OPEN ACCESS

EDITED BY
Shong Lau, Salk Institute for Biological Studies, United States

REVIEWED BY
Xavier Xifró, University of Girona, Spain
Qiuwen Wang, Salk Institute for Biological Studies, United States

*CORRESPONDENCE
Zhi-Hao Wang, wangzh86@whu.edu.cn

SPECIALTY SECTION
This article was submitted to Cellular and Molecular Mechanisms of Brain-aging, a section of the journal Frontiers in Aging Neuroscience

RECEIVED 05 July 2022
ACCEPTED 23 August 2022
PUBLISHED 08 September 2022

CITATION
Li Y, Li F, Qin D, Chen H, Wang J, Wang J, Song S, Wang C, Wang Y, Liu S, Gao D and Wang Z-H (2022) The role of brain derived neurotrophic factor in central nervous system.
Front. Aging Neurosci. 14:986443.
doi: 10.3389/fnagi.2022.986443

COPYRIGHT
© 2022 Li, Li, Qin, Chen, Wang, Wang, Song, Wang, Wang, Liu, Gao and Wang. 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.

Brain derived neurotrophic factor (BDNF) has multiple biological functions which are mediated by the activation of two receptors, tropomyosin receptor kinase B (TrkB) receptor and the p75 neurotrophin receptor, involving in physiological and pathological processes throughout life. The diverse presence and activity of BDNF indicate its potential role in the pathogenesis, progression and treatment of both neurological and psychiatric disorders. This review is to provide a comprehensive assessment of the current knowledge and future directions in BDNF-associated research in the central nervous system (CNS), with an emphasis on the physiological and pathological functions of BDNF as well as its potential treatment effects in CNS diseases, including depression, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, multiple sclerosis, and cerebral ischemic stroke.
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Introduction

Brain derived neurotrophic factor, a member of the neurotrophin family, plays a critical role not only in the growth and development of the nervous system but also in supporting neurons survival and facilitating neurogenesis. In addition, it participates in glutamatergic and gamma-aminobutyric acid (GABA)-ergic synaptic plasticity and affects serotonergic and dopaminergic neurotransmission (Colucci-D’Amato et al., 2020). It is widely distributed in the cortical region, hippocampus, and visual cortex, as well as other parts of CNS such as substantia nigra, striatum, retrorubral region, and ventral tegmental area. The expression level of BDNF in brain tissues is determined by transcription of BDNF mRNA and translation of BDNF protein.

Brain derived neurotrophic factor signals are mediated by TrkB receptor and p75 neurotrophin receptor. The former is the key receptor for BDNF in adult brain since its wide range of expression and a higher binding affinity for BDNF than the latter. TrkB receptor has tyrosine residues in its kinase domain, and phosphorylated-TrkB triggers downstream signaling cascades such as phospholipase C (PLC), mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K), exerting neuronal protective effects. However, truncated TrkB without intracellular kinase domain possesses inhibitory effect against mature BDNF signaling which activates full length TrkB. Furthermore, pro-BDNF is preferential to bind with p75 neurotrophin receptor, which has a low affinity to mature BDNF and leads to negative effects such as neuronal cell death (Teng and Hempstead, 2004).

It was reported that BDNF is highly active in cortex, hippocampus, and basal forebrain (Mirowska-Guzel et al., 2013). The diverse presence of BDNF leads to its important involvements in multiple neurological and psychiatric disorders. In this review, we briefly summarize the current state of knowledge regarding the physiological and pathological functions of BDNF as well as its potential treatment effects in CNS diseases.



Physiological functions of brain derived neurotrophic factor

Brain derived neurotrophic factor is mainly produced by neurons and glial cells and serves as a pleiotropic role in CNS (Lessmann and Brigadski, 2009). It is essential for neuronal genesis, differentiation, survival and growth, and acts as a mediator, modulator, or instructor of synaptic plasticity, viability and transmission (Kowiański et al., 2018). There are two forms of BDNF in human brain, the BDNF precursor (proBDNF) and mature BDNF (mBDNF). The proBDNF stored in either dendrites or axons (Lessmann et al., 2003), is synthesized as pre-proBDNF in endoplasmic reticulum followed by removing signal peptide in golgi apparatus to form proBDNF eventually (Wang M. et al., 2021). The mBDNF is converted from proBDNF which undergoes cleavage and strips off the pro-domain (BDNF pro-peptide, pBDNF) intracellularly (by furin or PC1/3/7) or extracellularly (by tPA/plasmin system or matrix metallopeptidases) (Lee et al., 2001; Mowla et al., 2001; Wang M. et al., 2021).

Brain derived neurotrophic factor was released both by presynaptic and postsynaptic terminals (Matsuda et al., 2009) as a mixture of pro- and mature forms in an activity dependent manner (Pang et al., 2004). Two types of BDNF maintain a dynamic balance and the ratio between them varies at different stages of brain development. During early postnatal period, proBDNF reaches a high concentration, while mBDNF is more dominant in adulthood (Yang et al., 2009, 2014). mBDNF takes effect by binding with two kinds of plasma membrane receptors, the TrkB receptor (Martin-Zanca et al., 1986) and the p75 neurotrophin receptor (Dechant and Barde, 2002). mBDNF, as a member of the neurotrophin family, has a high affinity (dissociation constant ∼1011 M) to TrkB receptor (Rodriguez-Tébar and Barde, 1988), which promotes cell survival (Volosin et al., 2006), facilitates long term potentiation (LTP) and increases spine complexity (Zagrebelsky et al., 2005). However, mBDNF has a low affinity (dissociation constant ∼109 M) to p75 neurotrophin receptor (Meeker and Williams, 2015), which preferentially binds to proBDNF, and the latter signal involves in brain development, facilitates long term depression (LTD) and induces apoptosis (Woo et al., 2005; Friedman, 2010). Due to its critical role in LTP, BDNF has been assumed to be an essential part of supporting memory formation and maintenance by promoting synaptic integration (Bramham and Messaoudi, 2005). Furthermore, BDNF increases neurogenesis by promoting cell survival and proliferation (Katoh-Semba et al., 2002; Lee S. H. et al., 2007).

As is mentioned above, BDNF takes actions mainly by binding to TrkB, which is abundantly expressed in hippocampal neurons. After binding, the BDNF/TrkB complex is then internalized into the neuron and serves as a docking site for diverse signaling cascades, protein phosphorylation cascades, and secondary signaling systems (Huang and Reichardt, 2003; Nykjaer et al., 2005; Yoshii and Constantine-Paton, 2010). The binding of BDNF to TrkB receptor leads to phosphorylation of TrkB, thus activating several important intracellular downstream signaling cascades, including PLC, phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT), mitogen-activated protein kinase/extracellular signal-related kinase (MAPK/ERK) and guanosine triphosphate hydrolases (GTP-ases) of the Ras homolog (Rho) gene family pathways (Minichiello, 2009; Mohammadi et al., 2018). The BDNF/TrkB/PKC signaling is essential for synaptic function and maintenance (Lanuza et al., 2019), and it links pre- and post-synaptic activity to maintain neuromuscular function, which can be affected by a decrease in neuromuscular activity such as occurring neuromuscular disorders (Hurtado et al., 2017). BDNF/TrkB/PI3K/Akt pathway has an antiapoptotic effect and suppresses autophagy by which further inhibits the degradation of three important postsynaptic proteins (PSD-95, PICK1, and SHANK3) that is essential for N-methyl-D-aspartate receptor (NMDAR)-dependent synaptic plasticity (Nikoletopoulou et al., 2017). Synaptic plasticity is a dynamic process that involves in competition between Ca2+/calmodulin-dependent protein kinase II (CaMKII) and PSD-95 for binding to the NR2A NMDAR subunit, while LTP is associated with an increase of αCaMKII binding with the NR2A/B subunit of the NMDA receptor and a concomitant decrease binding with PSD-95 (Stachowicz, 2022). In addition, BDNF also has direct effect on NMDA receptor subunits but with different level. Acute stimulation of hippocampal neurons with BDNF rapidly upregulated the protein levels and delivery to the plasma membrane of the NR1 and NR2B NMDA receptor subunits, while with a delayed increase of NR2A subunit (Caldeira et al., 2007). Another study revealed that BDNF increased Girdin phosphorylation through the TrkB/PI3K/Akt pathway leading to phosphorylation of the NR2B subunit and NMDA receptor activation, which is crucial for synaptic plasticity and memory (Nakai et al., 2014). The PI3K/Akt/mTOR pathway promotes dendritic growing and branching through regulation of protein synthesis and cytoskeleton development (Jaworski et al., 2005; Kumar et al., 2005). The MAPK/ERK pathway is pivotal not only for early response gene expression such as c-Fos but also for cytoskeleton protein synthesis such as Arc and cypin (Gonzalez et al., 2016). Moreover, it plays a critical role in dendritic growth and branching of hippocampal neurons (Kwon et al., 2011). In addition, through BDNF/AMPAR/mTOR signaling, ketamine induces structural plasticity in mouse mesencephalic and human induced pluripotent stem cells-derived dopaminergic neurons (Cavalleri et al., 2018). The BDNF/TrkB/GTP-ases pathway promotes actin and microtubule synthesis, resulting in growth of neuronal fibers (Gonzalez et al., 2016). The pro-BDNF/p75 neurotrophin receptor/sortilin binding complex initiates signaling cascades leading to activation of c-Jun amino terminal kinase (JNK), ras homolog gene family member A (RhoA), and nuclear factor kappa B (NF-kB) downstream, which involves in neuronal apoptosis (Anastasia et al., 2013), neuronal growth cone development and motility (Meeker and Williams, 2015), and neuronal survival (Lee et al., 2001; Figure 1).
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FIGURE 1
Overview of Brain derived neurotrophic factor (BDNF) signaling cascade. There are two forms of BDNF–proBDNF and mBDNF. The proBDNF is initially synthesized and then cleaved intra or extracellularly into mBDNF. Two types of BDNF activate several important intracellular downstream signaling cascades as above shown by mediating TrkB receptor and p75 neurotrophin receptor. Pro-domain BNDF propeptide, PI3K phosphatidylinositol 3-kinase, MAPK mitogen-activated protein kinase, ERK extracellular-signal-regulated kinase, CREB Camp response element-binding protein, c-Fos transcription factor c-Fos, PLC-γ phospholipase C-γ, IP3 inositol 1,4,5-trisphosphate, DAG 1,2-diacylglycerol, PKC protein kinase C, GTP-ases guanosine triphosphate hydrolases, JNK c-Jun amino terminal kinase, RhoA Ras homolog gene family member, NF-kB nuclear factor kappa B.




Pathological functions of brain derived neurotrophic factor

The change of BDNF level in both peripheral blood and CNS and the imbalance or insufficient of pro-BDNF transformation into mBDNF have been found to be involved in the pathogenesis of multiple diseases such as depression, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, multiple sclerosis, and cerebral ischemic stroke (Eyileten et al., 2021; Wang M. et al., 2021). In these diseases, failure of the switch of pro-BDNF to mBDNF is due to the abnormal proteolytic cleavage. For example, altered expression and/or activities of components in the tPA/plasmin system (extracellular cleavage proteases) participated in pathological processes related to depression and anxiety (Wang M. et al., 2021). Details will be summarized as below (Figure 2 and Table 1) and introduced in the following seven sections.
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FIGURE 2
Pathological role of BDNF in central nervous system. The dysfunction of BDNF signaling causes neurological disorders including psychiatric, neurodegenerative diseases and other neurological diseases.



TABLE 1    Brain derived neurotrophic factor (BDNF) level in different brain disorders and BDNF associated therapy.
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Brain derived neurotrophic factor and depression

Depression is not an unusual psychiatric disease at present. Major depressive disorder is characterized by emotional, motivational, cognitive and physiological domain symptoms, making it a complicated disease to treat. BDNF/TrkB signaling is involved in various psychiatric diseases and is widely studied in the context of depression, anxiety disorders, schizophrenia, autism, and addiction (Autry and Monteggia, 2012). Here, we mainly discuss the role of BDNF in depression. Clinical studies have shown that patients with severe depression have a low level of BDNF in the hippocampus and prefrontal cortex, accompanied by cerebral hippocampus atrophy, neuronal apoptosis and synaptic loss (Duman and Monteggia, 2006). In addition, the serum BDNF level was also found to be decreased in depression patients (Lee B. H. et al., 2007), and the level of plasma BDNF seems to be lower in patients with severe depression compared to mild depression patients (Kim et al., 2007). However, treatment with conventional antidepressant drugs as well as electroconvulsive therapy enhanced the mRNA expressions of BDNF and TrkB in the hippocampal and cortical regions (Nibuya et al., 1995). Several intracellular signaling pathways such as mammalian target of rapamycin (mTOR) and glycogen synthase kinase 3 (GSK-3) have been implicated in the antidepressant effects of ketamine (Li et al., 2010; Beurel et al., 2011). Whereas, previous works examining the antidepressant effects of ketamine demonstrated that mTOR was a downstream target of BDNF (Autry et al., 2011). Animal model of depression revealed that BDNF signaling was rescued in the hippocampus after peripheral injection of BDNF for 14 consecutive days, and its mRNA level in the CA3 area of the hippocampus was also increased, suggesting the antidepressant-effect of BDNF (Schmidt and Duman, 2010). All these mentioned indicate that up-regulating BDNF level may have positive effect to the treatment of depression. Some clinical studies revealed that the serum proBDNF level in severe depression patients was apparently higher than that in healthy subjects, while the level of mBDNF shows the opposite trend. What’s more, the ratio of mBDNF/proBDNF was much lower in depression patients compare to healthy control, while was increased after antidepressant drugs treatment (Zhou et al., 2013; Jiang et al., 2017). Another study showed that, in human cerebrospinal fluid, levels of pro-peptide BDNF (pro-domain of BDNF, pBDNF) were significantly lower in patients with major depressive disorder than in controls (Kojima et al., 2019). In addition, autopsy results of depression patients showed that the expressions of pBDNF and proBDNF increased in parietal cortex while mBDNF decreased (Yang et al., 2017). Furthermore, intraperitoneal or intraventricular injection of anti-proBDNF antibody can neutralize proBDNF and alleviate depression-like behavior in rats (Bai et al., 2016). A research demonstrated that chronic 7,8-DHF (7,8-Dihydroxyflavone, a TrkB agonist) treatment rescued the depressive-like behaviors in sucrose preference test and novelty suppressed feeding test by regulating TrkB signaling, increasing BDNF levels and promoting synaptic protein expression (Zhang et al., 2016). In summary, overall consideration of the dynamic equilibrium and mutual interaction between proBDNF and mBDNF as well as pBDNF is of more significant than merely focusing on mBDNF.



Brain derived neurotrophic factor and Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia, which was pathologically characterized by extracellular senile plaque (SP) formed by the deposition of β-amyloid (Aβ), and intracellular neurofibrillary tangles (NFTs) formed by the abnormally phosphorylated Tau protein aggregation as well as vascular amyloidosis and loss of neurons in the cortex and hippocampus (Edler et al., 2017; Szaruga et al., 2017). Multiple studies showed that BDNF, proBDNF and pBDNF played important roles in the occurrence and development of AD. A meta-analysis indicated that AD patients, rather than mild cognitive impairment patients, have significantly lower serum BDNF levels compared to age-matched healthy controls, and a significant decrease in peripheral BDNF levels can only be detected at the late stage of dementia (Ng et al., 2019). A study on AD patients showed a negative correlation between cognitive decline and BDNF mRNA level in the dorsal lateral prefrontal cortex (Buchman et al., 2016). Furthermore, significant increases in proBDNF expression and the ratio of proBDNF/BDNF in AD patients’ cerebrospinal fluid were detected, which led to an increase of pathogenicity and a decrease of trophic effect and caused neuronal apoptosis through p75 neurotrophin receptor (Fleitas et al., 2018). In hippocampal specimens of AD patients, the level of pBDNF was 16 times higher than that in healthy individuals, and the ratio of pBDNF/BDNF was 30 times higher compared to control. What’s more, cell death rate increased when treating cells with pBDNF and Aβ simultaneously compared to giving pBDNF solely, which indicated that they may cause synergistic toxicity in AD (Lim et al., 2015). In addition, Aβ promoted the production of shortened TrkB receptor mRNA and the decomposition of the full-length TrkB receptor, which impeded BDNF/TrkB downstream signaling (Jerónimo-Santos et al., 2015). Interestingly, we have found that deficiency in BDNF/TrkB neurotrophic signaling can increase CCAAT/enhancer binding protein β (C/EBPβ) expression and then activate δ-secretase which leads to APP and Tau fragmentation and causes AD eventually (Wang et al., 2019). On the other hand, excessive or pathologically altered Tau can inhibit BDNF production and neurotoxicity without Tau gene mutation or neurofibrillary tangles formation (Rosa et al., 2016). Reversely, BDNF can also impede phosphorylation of Tau (Jiao et al., 2016).

In all, the interactions between BDNF and Aβ or Tau need further investigation to find an effective therapy for AD. In 5xFAD mice models, researchers found that 2 months’ treatment of 7,8-DHF decreased cortical Aβ plaque deposition and protected dendritic arbor complexity in cortical neurons but without huge impact on the density of dendritic spines (Aytan et al., 2018). In addition, CF3CN, an optimized synthetic 7,8-DHF chemical, has the ability to activate TrkB neurotrophic signaling and inhibits the activation of delta-secretase, which attenuates AD pathologies and alleviates cognitive dysfunctions in 5xFAD mice. All these suggest that 7,8-DHF or CF3CN may be potential therapeutic agents for the treatment of AD (Chen et al., 2021).



Brain derived neurotrophic factor and Parkinson’s disease

Parkinson’s disease (PD), the second most prevalent neurodegenerative disease in the world, is characterized by progressive degeneration of nigrostriatal dopaminergic neurons and the development of intracellular proteinaceous aggregates. It is a combination of motor and non-motor symptoms. The former which weights most contains tremor, bradykinesia, rigidity, and postural instability, and the latter involves in hyposmia, sleep disorders, autonomic nervous dysfunction, and mental disorders. Study shows that the non-motor symptoms not only precede but often are accompanied by PD, of which neuropsychiatric symptoms including depression, anxiety, apathy, hallucinations and impulse control disorders are up to 60% in PD patients, in which almost 20-40% suffer from depression (Song et al., 2015). Many studies have shown that the mRNA and protein levels of serum BDNF in patients with depression and PD were significantly reduced. What’s more, BDNF gene polymorphism, especially the Met allele, is associated with a higher neuropsychiatric burden in PD (Ramezani et al., 2020). An interesting clinical study has found that PD patients with higher self-rating Depression Scale (SDS) score show lower serum BDNF level (Chen et al., 2017). On the other hand, the decrease of BDNF in PD patients may also affect neuronal function in hippocampus, prefrontal cortex and amygdala and eventually leads to depressive symptoms (Enomoto et al., 2016). Therefore, some researchers recognized serum BDNF as a clinical biomarker for motor severity in depressed PD patients, especially in female (Huang et al., 2021).

Except for these neuropsychiatric symptoms, BDNF also takes effect in motor symptoms and other non-motor symptoms. BDNF supports the midbrain dopaminergic neurons surviving, promotes differentiation, and protects dopamine neurons from neurotoxins (Minichiello et al., 2002). BDNF overexpression alleviated motor deficits and cognitive impairment in MPTP-induced PD mice through mitigating mitochondrial damage (Chang and Wang, 2021). What’s more, BDNF level was significantly decreased in the colon of MPTP-treated group compared to the vehicle-treated group, indicating a role of BDNF in the gut-brain axis in PD (Choi et al., 2021). In accordance with this, BDNF and Netrin-1 are strongly decreased in both brain and gut of PD patients, and conditionally knocking out of these trophic factors in gut leads to dopaminergic neuronal loss, constipation and motor deficits (Ahn et al., 2021). A clinical study included one hundred and fifty-six patients with limb tremor and/or bradykinesia who meet the MDS Parkinson’s diagnostic criteria and analyzed their serum level of proBDNF and mBDNF. They found that serum levels of mBDNF and mBDNF/proBDNF were significantly lower in the PD group compared with non-PD group, while the proBDNF showed opposite result. Thus, they supposed that mBDNF/proBDNF can be used as biomarker for early stage of PD and the combination of mBDNF and proBDNF has better diagnostic value than mBDNF alone in PD diagnosis (Yi et al., 2021).

Over the past decades, most of drugs for PD treatment mainly focus on modulating dopamine concentrations in the basal ganglia. Recently, studies of neurotrophic factors such as glial cell line-derived neurotrophic growth factor and BDNF, which are considered the primary factors for neuroprotection in PD, have gained a great attention. Intracerebral injection of BDNF markedly improves levodopa-induced dyskinesia in PD rat model without affecting the therapeutic effect of levodopa (Moreau and Destée, 2009). BDNF is being developed as a neuron protective drug, and the underlying mechanisms − include promoting neuronal regeneration, repairing the damaged neurons, promoting functional recovery, and enhancing the activity of antioxidant enzymes. However, exogenous BDNF cannot cross the blood-brain barrier, therefore, the treatment of PD is still under research. A recent study has shown that non-invasive vagus nerve stimulation, which is an established neurostimulation therapy used in the treatment of epilepsy, migraine and cluster headache, is demonstrated to improve gait and motor function in PD patients, and it can significantly increase BDNF level (Mondal et al., 2021). What’s more, the level of BDNF in the motor cortex increased after deep brain stimulation (DBS) in the subthalamic nucleus (STN), which is a powerful therapeutic alternative for the treatment of PD (Faust et al., 2021).

The α-Synuclein (α-Syn) is a major component of Lewy body which is a pathological marker of PD. Physiologically, α-Syn takes effect in intercellular dopamine storage, synaptic membrane biogenesis, and lipid transport (Lotharius and Brundin, 2002). Wild-type α-Syn induces BDNF expression, while α-Syn mutant (A30P and A53T) cannot induce BDNF expression (Kohno et al., 2004). These α-Syn mutants tend to form protofibrils and further aggregate into larger inclusion bodies associated with PD, which significantly inhibit axonal transport of BDNF/TrkB (Papapetropoulos and Mash, 2005; Volpicelli-Daley et al., 2014). However, BDNF reduces the degradation of TrkB through inhibiting the formation of the α-Syn –TrkB complex (Kang et al., 2017). Further studies are needed to clarify the crosstalk between BDNF/TrkB and the biomarkers of PD such as α-Syn and find effective treatment for neuronal degeneration. Recently, a study found that 7,8-DHF could ameliorate α-Syn 1-103-induced mitochondrial impairment and motor dysfunction, indicating a novel oral bioactive therapeutic agent for the treatment of PD (Tian et al., 2022).

All in all, BDNF plays an important role in the diagnosis and the treatment of PD, as well as involving in the development of PD through affecting PD pathology.



Brain derived neurotrophic factor and Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease caused by an expanded CAG repeat sequence in the huntingtin gene which leads to an abnormal expansion of the polyglutamine tract in the N-terminus of the protein huntingtin. This mutant huntingtin protein misfolds, aggregates, and disrupts proteostasis, which leads to degeneration of striatal medium spiny neurons (Rosas et al., 2003). Clinically, it is a progressive motor, cognitive, and mental dysfunction disease, whose mean onset age is 35 to 44 years and median survival time is 15 to 18 years once onset (Caron et al., 1993), and unfortunately, it affects the quality of life of their offspring and their partners.

The relationship between serum (or plasma) and cerebrospinal fluid levels of BDNF and HD has been controversial. A recent report concluded that levels of BDNF in plasma and cerebrospinal fluid are not a biomarker for HD (Ou et al., 2021). It is reported that the striatum cannot produce BDNF, and it maintains its function depending on BDNF from the cortex (about 95%), thalamus and mesencephalon (Bawari et al., 2019). BDNF, which is synthesized in cortical neurons and then delivered into striatum by anterograde transportation, is essential for the cortico-striatal synaptic activity and the survival of GABAergic neurons. Depletion of BDNF in the cortex of HD patients may make striatal neurons more vulnerable to injury (Zuccato et al., 2001). A study showed significant reduction of BDNF mRNA and protein levels in the cortex of HD patients through a systematic and quantitative assessment (Zuccato et al., 2008). Additionally, it is found that the delivery of BDNF is attenuated while transferring from the cortex to the striatum in an animal model of HD. Therefore, the reduction of cortical BDNF delivery would result in decreased activity of the cortex and striatum synaptic activity and synaptic loss (Yu et al., 2018). BDNF pro-domain knockout mouse showed impaired righting reflex, abnormal motor behaviors, obvious weight loss and short lifespan, which displayed a Huntington’s disease-like phenotype, supporting the BDNF hypothesis in the pathogenesis of HD (Li et al., 2020). Furthermore, low expression of BDNF in HD pathogenesis is potentially mediated by cAMP, MAPK and Ras signaling pathways (Zhou et al., 2021).

The astrocyte constitutes the largest population of brain cells and plays multiple roles, one of which is that it involves in neuronal dysfunction of HD. Expression mutant huntingtin with 160 polyQ specifically in astrocytes causes age-dependent neurological symptoms in transgenic mice, indicating a role of mutant huntingtin in exacerbating HD neuropathology (Bradford et al., 2009). What’s more, the mutation of huntingtin gene affects the processing and secretion of the BDNF in astrocytes, leads to progressive degeneration of striatal GABAergic medium spiny neurons and decreases BDNF level in the brain of HD patients (Wang et al., 2012; Bawari et al., 2019). In return, BDNF modulates striatal astrocyte function by inducing astrocyte to secrete soluble neuroprotective factors that selectively protect neurons expressing mutant huntingtin (Saba et al., 2020).

The potential therapeutic effects of BDNF for HD have been reported in various rodent models. In a rat model of HD, researchers transplanted BDNF-overexpressing human neural stem cells (HB1.F3.BDNF) into the contra-lateral side of unilateral quinolinic acid-lesioned striatum, and found that BDNF can promote migration, differentiation and functional restoration of HD rat (Kim et al., 2020). Another research showed that transplantation bone-marrow mesenchymal stem cells with BDNF over-expressed into striatum slowed neurodegenerative processes and alleviated behavioral disorder in the YAC 128 mouse model of HD (Dey et al., 2010). However, the long-term safety and efficacy of this approach still need further research. A dual therapy that combines P42 treatment which increases TrkB expression in striatum, with BDNF-enhancing therapy such as environmental enrichment efficiently delayed HD pathology in R6/2 mice (Couly et al., 2021). Furthermore, bilateral expression of BDNF by adeno-associated virus1/2 in the striatum alleviated motor and cognitive dysfunction in transgenic HD rats, accompanied by increased volume of the striatum and number of neural cells (Connor et al., 2016). In a more practical way, researchers found that oral 7,8-DHF ameliorated cognitive and motor deficits in a mouse model of HD through specific activation of the PLCγ1 pathway (García-Díaz Barriga et al., 2017). These results suggest that BDNF has a compensating effect to HD and might be a promising treatment for HD.



Brain derived neurotrophic factor and amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disorder, characterized by the loss and degeneration of both lower and upper motor neurons. The etiopathogenesis of ALS is still unknown, but the possible hypotheses include oxidative stress, inflammation, protein aggregation and miss-folding, as well as glutamate excitotoxicity, RNA processing and epigenetic dysregulation (Jankovic et al., 2021). Therefore, the treatments of ALS are of multi-level but with limited therapeutic effects.

As a member of the neurotrophin family, BDNF promotes cell regeneration and survival. A study conducted on spinal cord tissue in SOD1 G93A mice (a model of ALS) showed that the expression level of BDNF decreased significantly compared to control mice (Schiaffino et al., 2018). In addition, another study showed that physical exercise such as running and swimming can improve the BDNF/TrkB neurotrophic signaling at the neuromuscular junction and reduce the impact of ALS in mice (Just-Borràs et al., 2020). Based on the above evidence, recent studies have recognized the critical role of BDNF in maintaining motoneurons survival, and take BDNF as a potential treatment for ALS. BDNF have been used in ALS human clinical trials, but the results are disappointing due to the poor pharmacokinetics and pharmacodynamics of BDNF. Deletion of the BDNF receptor TrkB.T1 alleviated muscle weakness and motoneuron cell death of spinal cord in the G93A SOD1 animal model of ALS, indicating TrkB.T1 may limit the neuroprotective BDNF signaling to motoneurons via a non-cell autonomous mechanism, which providing new understanding of the reasons for past clinical failures (Yanpallewar et al., 2021). In a transgenic rat model, intraspinal transplantation of pluripotent stem cells might rescue or replace dying motoneurons and these cells display neuroprotective effects by regulating local gene expression and extracellular matrix plasticity of central nervous system, which means that stem cell therapy is a promising therapeutic strategy for ALS (Forostyak et al., 2020). Additionally, transplantation of BDNF-overexpressing human umbilical cord mesenchymal stem cell-derived motor neurons was capable of increasing motor ability and prolonging lifespan of hSOD1 G93A mice (Wang J. et al., 2021). What’s more, chronic administration of 7,8-DHF significantly improved motor deficits, and preserved spinal motor neurons count and dendritic spines in SOD1 G93A mice (Korkmaz et al., 2014). In summary, BDNF and its equivalent drugs may be a promising therapeutic strategy for ALS, but further researches are needed to overcome the difficulties of poor pharmacokinetics and pharmacodynamics of BDNF.



Brain derived neurotrophic factor and multiple sclerosis

Multiple sclerosis (MS) is a chronic autoimmune disease characterized by neuronal inflammation, degeneration and demyelinating lesions within brain and spinal cord (primarily in the white matter of the brain), which leads to motor dysfunction and cognitive decline. The mechanisms underlying the pathogenesis and progression of MS are not fully understood and current treatments have limited efficacy. Several molecules such as BDNF, IL-1β, PDGF, and CB1Rs, are involved in functional recovery of MS from the acute phase and are thus taken as potential therapeutic targets (Ksiazek-Winiarek et al., 2015). Recently, a novel drug, 7,8-DHF was found to reduce the clinical and pathological severity of MS in a murine model through activation of TrkB/AKT/STAT3 signaling and reduction of inflammation and demyelination (Makar et al., 2016), which brought good news to this disease.

The versatile BDNF acts as a neuroprotective factor in the process of inflammation, degeneration and demyelination of MS. BDNF is required to drive the endogenous repair of regeneration and remyelination after demyelinating inflammatory injury in MS, which is crucial for neuronal preservation and prevention of clinical progression (Brod, 2022). Study showed that neural stem cells transplantation rescued the progression of MS by inducing anti-inflammation and promoting neurogenesis and myelination, possibly by modulating BDNF and FGF signaling pathways in an experimental autoimmune encephalomyelitis mouse model of MS (Brown et al., 2021). Another study revealed that BDNF is initially presented in T cells and macrophages in MS lesions to confirm the capability of producing BDNF in human immune system. However, high levels of cytokines tend to negatively regulate circulating BDNF levels indicating BNDF may act as an immune-mediated defense of neurons in MS lesions (Sorenson et al., 2014). To determine whether BDNF can serve as a biomarker for MS, a comparatively large cohort research found that the level of BDNF can be detected to have a difference between MS patients and healthy controls, with mean BDNF levels in the former were lower by 8% than the latter. However, the difference is minor and thus it is unlikely to effectively evaluate and inform decision-making processes at an individual patient level. Therefore, it is hard to claim that serum BDNF is a biomarker for MS although it has multifunction in this disease (Naegelin et al., 2020).



Brain derived neurotrophic factor and cerebral ischemic stroke

Cerebral stroke is one of the leading causes of death and long-term disability worldwide, of which cerebral ischemic stroke (CIS) takes up the overwhelming majority. Recently, BDNF has been focused on in CIS, especially its relationship with post-stroke mobility. A study found that the expression of BDNF and TrkB decreased both in oxygen glucose deprivation cells and in mice hippocampal experiencing surgery of middle cerebral artery occlusion (MCAO). Shuxuening injection reverses it and promotes the recovery of post-stroke cognitive and motor deficiencies via BDNF-mediated Neurotrophin/Trk Signaling (Li et al., 2021). Furthermore, intra-arterially mesenchymal stem cells therapy in post-stroke facilitates neuroprotection and regulates ER stress-mediated apoptosis via the BDNF/TrkB signaling pathway (Kaur et al., 2021). Additionally, BDNF is also involved in post stroke depression (PSD). PSD patients show lower level of serum BNDF compared to those without PSD. Furthermore, antidepressants could improve the expression of BDNF in brain, which further alleviates depression symptoms. However, the mechanisms of BDNF in the development of PSD are still unknown (Zhang and Liao, 2020).

Except for post-stroke, it has been reported that BDNF level was significantly decreased at the acute phase of CIS and it can act as a factor warning poor prognosis for the functional status of patients on the 90th day after onset (Lasek-Bal et al., 2015). In addition, when exogenous BDNF is given immediately (within hours) after CIS, it can act as a neuroprotective agent. Surprisingly, when it is given several days after ischemic injury, it can promote axons protruding budding and synapses formation (Nagahara and Tuszynski, 2011). However, BDNF cannot penetrate the undamaged blood-brain barrier, which makes peripheral BDNF injection ineffective. What’s more, transcranial BDNF treatment makes the time of tissue distribution much too short. Therefore, the way of delivering BDNF need further research to achieve the optimal treatment (Cook et al., 2017).




Conclusion

In this review, we introduced the physiological and pathological functions of BDNF as well as its potential treatment effect in CNS diseases including depression, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, multiple sclerosis, amyotrophic lateral sclerosis and cerebral ischemic stroke. We discussed the alteration of BDNF level and BDNF-based therapies in different disease models. Apart from the disorders above mentioned, the role of BDNF was also investigated in many other diseases such as diabetes and cancer (Eyileten et al., 2017; Guzel et al., 2021). Understanding the role of BDNF and its signaling as well as how they regulate repair or regrowth of CNS will be useful. Myriad compelling studies reveal that enhancing BDNF levels or restoring its receptor’s signaling cascades can improve the phenotype of animal models in different diseases. However, there are still many questions to be answered. Firstly, BDNF has a large molecular weight and is difficult to pass through the blood-brain barrier, so it cannot reach the CNS and play a role when intravenous administration. Intraventricular injection has high technical requirements for operators and is prone to cause huge damage, which leads to it difficult to popularize. Using BDNF agonists to increase the release of BDNF in vivo can solve this problem, but what agonists we should use is another problem. Recently, more and more researchers take their emphasis on BDNF-overexpressed stem cells transplantation in animal model, which might be a promising therapeutic strategy but it is on the try phase and further studies are needed. Secondly, at present, BDNF is still limited to animal experiments and cannot be applied in clinical practice on a large scale. Thirdly, there is no consensus on when and at what dose BDNF should be administered to specific diseases.
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High-fat diets (HFDs) are related to the incidence of obesity and diabetes, but the effect of high-fat diet-induced brain damage remains to be clarified. In our study, we found that 24 weeks of a HFD effectively induced obesity and a change in fur color in mice. In addition, the mice also exhibited deficits in learning and memory. We further found that autophagic flux was impaired in mice after HFD feeding. Hypoxia-inducible factor 1α (HIF-1α) expression was significantly increased in HFD-fed mice, and HFD feeding inhibited adenosine monophosphate-activated protein kinase (AMPK) phosphorylation and induced mechanistic target of rapamycin (mTOR) phosphorylation and p70S6K expression. Treatment of HFD-induced BV2 cell model with palmitic acid (PA) was used to further verify a similar result. We concluded that improving tissue hypoxia or enhancing autophagy through the AMPK/mTOR/p70S6K pathway may be a relevant strategy for improving obesity- and ageing-related disorders.
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Introduction

With the increase in restaurant businesses and takeaway food outlets, the global epidemic of HFD structures continues unabated Prentice and Jebb (2003). It is clear that the human health span and life span have increases over the past three decades. However, prolonged overconsumption of a HFD induces obesity and may counteract the health benefits of modern civilization. Excessive fat intake makes people more susceptible to obesity. Obesity in middle age significantly increases the risks of developing noncommunicable chronic diseases (NCDs), such as coronary artery diseases, cerebrovascular accidents, type-2 diabetes mellitus, dementia, hyperlipidaemia, Parkinson’s disease (PD) and Alzheimer’s disease (AD), later in life Knight et al. (2014) and Abbott et al. (2019). As a major manifestation of metabolic syndrome, obesity not only impairs aesthetic appearance but is also accompanied by low-grade systemic inflammation and elevated blood pressure, supraphysiological fasting plasma glucose, high serum triglycerides, and low high-density lipoprotein levels Hoffman et al. (2015). To date, there have been many epidemiological surveys conducted on abnormal lipid metabolism with cognitive impairment worldwide, but there have been few reports on the molecular pathology of obesity-related brain damage.

Accumulating evidence indicates that the accumulation of senescent cells in the brain can lead to disease pathology (Sikora et al., 2021). According to a previous report, excess adiposity is associated with local tissue hypoxia Hosogai et al. (2007). The cellular response to hypoxia is coordinated by HIF-1α, a heterodimeric transcription factor thought to be a key regulator of the host response to hypoxia. HIF-1α expression levels are increased in a hypoxic tissue microenvironment. Hypoxic stimuli increase HIF-1α protein levels by inhibiting its degradation by the proteasome. AMPK is a highly evolutionarily conserved metabolic regulator that maintains energy homeostasis during metabolic stress Hardie (2015). The enzyme AMPK is a heterotrimeric protein composed of a catalytic α-subunit and regulatory β- and γ-subunits. The activation of AMPK requires the phosphorylation at threonine 172 of the α catalytic subunit by upstream kinases. AMPK plays a vital role in regulating obesity Carling et al. (2008). The mechanistic target of rapamycin (mTOR), a protein kinase, regulates mammalian metabolism and physiology especially in cell survival, protein synthesis and autophagy. mTOR exists in two multiprotein protein complexes, –mTORC1 and mTORC2. Rapamycin-sensitive mTORC1 regulates protein synthesis and cell growth through the phosphorylation of p70 ribosomal S6 kinase 1 (p70S6K1: Thr389). Mammalian target of rapamycin complex 1 (mTORC1) can promote many anabolic processes, including the biosynthesis of proteins, lipids and organelles, and by limiting catabolic processes such as autophagy and apoptosis. According to previous reports, under physiological conditions, mTOR activation inhibits autophagy Wang and Zhang (2019). Moreover, as a classically regulated autophagy signaling factor, mTOR kinase activity may be suppressed by the phosphorylation of AMPK.

Herein, we hypothesized that diet-induced brain impairment may induce cellular senescence through the activation of AMPK and mTOR signaling and is involved in changes in autophagy in progressive disease occurrence, ultimately resulting in cognitive impairment.



Materials and methods


Animals and treatments

All procedures were approved by the Institutional Animal Care and Use Committee of Chongqing Medical University. Studies were conducted in accordance with institutional guidelines for the care and use of laboratory animals.

Male C57BL/6 mice (13 months old, weighing 25–33 g) were obtained from Chengdu Dossy Experimental Animals Co., Ltd. (Chengdu, China). The mice were maintained in individual cages under controlled light and environmental conditions (12 h light/12 h dark cycle at 23 ± 2°C and 50 ± 10% humidity). After 1 week of adaptation, the mice were randomly divided into one of two groups, balanced by weight, and the mice were fed a regular chow diet (10% kcal fat), referred to as a low-fat diet (LFD) or a HFD (60% kcal fat; D12492; Research Diets, New Brunswick, NJ, USA) Bartels et al. (2009) ad libitum for 24 weeks. The general condition of the mice was observed daily, including fur color, mental state, food intake and body weight, and these indices were examined every week. At the end of the study, the mice (18 months old) were tested in the Morris water maze (MWM) task and then were sacrificed by decapitation or deeply anaesthetized with isoflurane. After the mice were perfused with phosphate-buffered saline, the brain was immediately removed, and the tissues were stored at –80°C or 4°C until use.



Cell culture and treatments

BV2 cells were stored in our laboratory. BV2 cells were maintained in DMEM/F12 culture medium (Gibco Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, 187 Invigentech, Irvine, CA, USA) and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin) and incubated in a humidified atmosphere with 5% CO2 at 37°C. The cells were cultured in a 10-cm Petri dish. The HFD BV2 cell model was established by treating the cells with PA medium (containing 100 mM PA) for 24 h (HFD group). BV2 cells in the control (CON) group were treated with the corresponding concentrations of solvent. PA and its solvent (vehicle) were purchased from Kunchuang Biotechnology (Xi’an, Shanxi, China). The reagents were diluted to working concentrations using growth medium.



Morris water maze test

To assess the spatial learning and memory abilities of mice, the MWM test, which is a widely accepted paradigm, was performed. MWM training included two phases: the place navigation phase and the spatial probe phase. A clear escape platform (8-cm diameter) was submerged 1 cm below the surface of the pool (1.2 m in diameter and 0.4 m in depth, 25 ± 1°C). Behavioral data of the mice were acquired using ANY-maze software (Stoelting Co., Wood Dale, IL, USA) and a digital video camera installed on the ceiling above the center of the maze. Briefly, the mice were trained for 6 consecutive days, with four trials per day lasting 1 min each to spatially locate the submerged platform. Each trial was initiated by placing the mouse in the water. Upon finding and climbing onto the hidden platform, the animals were given 5 s during which they could rest on it. If a mouse failed to find the submerged platform within the allowed time (60 s), it was placed on the platform manually for 30 s. The average latency to reach the platform, average velocity, and mean distance from the platform were analyzed by comparing the average of four trials across each training day to determine the learning performance. On day 7, the mice were subjected to the probe trial to assess spatial memory. The hidden platform was removed for this trial, and then the mice were placed in the quadrant opposite the target quadrant (the previous location of the hidden platform). The number of entries to the platform and latency to reach the target quadrant were analyzed to assess spatial memory consolidation. The MWM test procedures were monitored with the Morris Image System (Shanghai DOiT Industrial Co., Ltd.) n = 20 (HFD), 4 (ND).



Western blot

The mice (n = 4/group) were sacrificed humanely after the behavioral experiment, and then the whole brain was quickly removed and stored at –80°C until use. Total protein was extracted from BV2 cells after the cells were treated with PA medium (100 mM) for 24 h and quantified with a BCA protein quantification kit (Beyotime Biyuntian Biotechnology Co., Ltd., China, Cat). Mouse brain tissue or cell lysates were loaded onto 7, 10, or 12% SDS–PAGE gels for separation, depending upon the molecular weight of the target proteins, and then transferred onto PVDF membranes (Bio-Rad, Hercules, CA, USA). The membrane was blocked at room temperature with 5% skim milk in TBST for 2 h on a shaker prior to being incubated with primary antibodies [HIF-1α (1:1000, Proteintech Cat No. 20960-1-AP), mTOR (1:1000, CST, 2984), p-mTOR (Ser2448) (1:1000, CST, 5536), p70S6 kinase (1:1000, CST, 9202), LC3A/B, Beclin-1, Atg3 212 (1:1000, Autophagy Antibody Sampler Kit, CST, 4445)] at 4°C overnight. The membrane was then washed three times with TBST (10 min). The membrane was then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody against rabbit IgG or mouse IgG. The membrane was washed with TBST (3 × 10 min), and the target protein was exposed with an ECL chemiluminescent system (Tanon-5200Multi, Shanghai, China). The grey value of the target protein band was calculated by ImageJ 1.8.0 software (NIH).



Immunofluorescence staining

The anaesthetized mice (n = 3/group) were intracardially perfused with ice-cold phosphate-buffered saline (PBS), and the tissues were paraffin-embedded and sectioned into 4-μm-thick slices using a Rotary Microtome (HM 340E, 9 Thermo Scientific). Following deparaffinization, antigen retrieval was carried out as recommended by the manufacturers with citrate buffer pH 6.0 in a microwave oven for 5 min under high heat and for 15 min under medium heat. For non-specific binding, the sections were blocked for 30 min with 1.5% normal goat serum in PBS containing 0.5% bovine serum albumin. The sections were incubated overnight at 4°C with HIF-1α (1:300, Proteintech Cat No. 20960-1-AP) primary antibodies. After incubation with HRP-conjugated IgG secondary antibody (1:300, Alexa Fluor 488-conjugated goat anti-rabbit IgG, cat. ZF-0516, ZSGB-BIO, China), nuclei were stained with DAPI (10 μg/ml) (Beyotime, China) for 3 min. Then, the sections were washed three times in PBS, anti-quenching fluorescence mounting medium was added, and the samples were covered with coverslips. The frequency of apoptosis in the brain was determined using an in situ cell death detection kit (Beyotime) according to the manufacturer’s protocol. All immunofluorescence slides were viewed, and images were acquired using a NEXCOPE microscope (NE900, USA).



Transmission electron microscopy

After the MWM test, the mice (n = 3/group) were euthanized, and the hippocampal tissues were quickly harvested. The samples were prefixed with a solution of 3% glutaraldehyde for TEM analysis. Then, the tissue was postfixed in 1% osmium tetroxide, dehydrated in acetone, infiltrated in Epox 812 for a long time, and embedded. The semithin sections were stained with methylene blue, and ultrathin sections were cut with a diamond knife and stained with uranyl acetate and lead citrate. The sections were examined with a JEM-1400-FLASH Transmission Electron Microscope.



SA-β-gal cytochemical staining

Staining for the activity of senescence-associated β-galactosidase (SA-β-gal) was performed using a senescence β-galactosidase commercial assay following the manufacturer’s instructions (Beyotime, C0602). Mice (n = 3/group) were euthanized in tricaine anesthetic, embedded in Tissue-Tek O.C.T. compound and frozen at –80°C. Ten-micrometer frozen sections were cut onto slides using a cryostat (Thermo). The slides were allowed to dry, washed in PBS solution for 5 min at room temperature, and then fixed with fixative solution for 30 min. Next, the slides were rinsed with PBS, and then 1 ml of β-galactosidase staining solution was added to each sample. After staining overnight at 37°C, blue senescent staining in the cytoplasm in senescent cells was observed at 200× magnification. To quantify the number of SA-β-gal-positive cells, four random visual fields per section were selected and counted with ImageJ software.



Immunohistochemistry

Prior to incubation with antibody, deparaffinization with xylene and antigen retrieval were performed in a microwave. Sections were incubated in endogenous peroxidase blocker for 10 min. After washing (PBS 3 × 5 min), goat serum was added and blocked at 37°C for 20 min. Samples were incubated overnight at 4°C with mouse anti-human Aβ1-42 monoclonal antibody (1:300, CST, 14974S). The next day, the sections were reheated for 30 min, and PBS was rinsed (3 × 5 min). Then, the secondary antibody (goat anti-rabbit/mouse IgG) was added and incubated at room temperature for 10 min. After subsequent washing in PBS, the peroxidase-conjugated streptavidin-biotin complex was incubated at 37°C for 10 min. After washing with PBS, antigen-antibody complexes were visualized using the DAB horseradish peroxidase color development kit (Jiangsu Beyotime). The slides were then stained with haematoxylin for 5 min and differentiated with hydrochloric acid alcohol for 2 s. The staining results were analyzed by the image analysis software Proplus 6.0 and photographed by a NEXCOPE microscope n = 3/group.



Click-it TUNEL alexa fluor 488 imaging assay

We used the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining method to detect apoptosis by using an in situ cell death detection kit (Jiangsu Beyotime). For in situ labeling, brain tissue slices were placed in 1 × PBS for 10 min after dehydration. The samples were incubated in the presence of 50 ng/μl proteinase K for 30 min followed by 50 μl of Cytonin™ for 120 min. The samples treated with TACS nuclease were used as the positive control. TUNEL-positive cells were detected with a fluorescence microscope (NEXCOPE, NE900, USA). The percentage (%) of apoptotic cells in the TUNEL assay was obtained by dividing the number of apoptotic cells (TUNEL-positive cells) from the number of total cells (DAPI nuclear staining) in the microscopic field (n = 3/group).



Statistical analysis

Mouse randomization was based on the random number generator function (RANDBETWEEN) in Microsoft Excel. The data were analyzed by GraphPad Prism Software version 8.3.0 (GraphPad Software, San Diego, CA, USA). One-way analyses of variance (ANOVA) and independent-sample t-tests were used to compare the differences in measurement data between two groups. The data are expressed as the means ± standard errors of the means (SEM), and differences were considered statistically significant at *P < 0.05.




Results


A high-fat diet induced hippocampal-related behavioral changes in aged C57BL/6 mice

We fed 13-month-old male C57BL/6 mice a normal chow diet or a HFD for 24 weeks (6 months) and monitored body weight and food intake (Figure 1). The body weight of mice in the HFD group was significantly lower than those in the control group at week 61 (P < 0.05). Moreover, we observed an apparent progressive thinning of body hair, which had a lusterless and sharp appearance in HFD animals. However, the results showed no significant difference in brain weight and food intake between the two groups during the 6 months. Changes in diet have been widely linked to changes in behavior, including hippocampal-dependent cognition, which declines during ageing Daub et al. (2017). Thus, we performed the MWM test to examine whether a high-fat diet damaged brain health and hippocampus-associated behavioral abnormalities in aged mice. Previous research has shown that ageing is linked to impaired learning ability and an increase in the latency to enter the target platform zone. Compared with the ND group, the HFD group showed a significant difference in the number of entries to the target platform. The swim average velocity and average latency to reach the platform in the visible platform trials were similar in the two groups. Aged HFD-fed mice showed increases in the mean distance from the platform on training days 5 and 6. Overall, these data suggest that long-term exposure to a HFD exacerbated the impaired spatial learning and memory in naturally aged mice (Figure 2).
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FIGURE 1
General characteristics of C57BL/6 mice fed with normal diet and high-fat diet. C57BL/6 mice (13 months old) were fed a HFD or ND for 24 weeks. (A) Experiment process overview. (B) Changes in body weight over time and body weight were significantly increased after 8 weeks of HFD. (C) A percentage of the initial body weight during the course of the experiment. Body weight percentage was calculated as (actual body weight/initial body weight) × 100. (D) Alterations in food intake were not significantly different between groups. (E) (HFD, n = 20 mice; ND, n = 10 mice) (E) Brain weight did not differ between groups. (F) At the late stage, the HFD group exhibited an extremely poor status with increasingly sparse hair.
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FIGURE 2
High-fat diet impairs spatial learning and memory in aged C57BL/6 mice. Long-term spatial memory assessed via MWM. (A) Learning ability. HFD significantly impacted the mean distance from the platform. ND mice spent more time closer to the platform than HFD mice. HFD mice were significantly different from ND mice on days 5 and 6 (P = 0.047, P = 0.025, respectively). There were no overall differences in average latency to platform or average velocity. n = 20 (HFD), 4 (ND), (B) Long-term memory. The probe trial revealed an age-related impairment in latency to target quadrant and number of entries to platform, wherein HFD mice were significantly slower to the target quadrant compared to ND mice (P = 0.049, P = 0.023, respectively). Swimming traces of mice in the probe trial are presented in panel (C). p, two-sample t-test. Mean ± SEM, *p < 0.05 compared with the ND group, HFD, high-fat diet; ND, normal diet.




A high-fat diet increased tissue hypoxia and HIF-1α levels

Then, we evaluated the effect of a hyperlipidaemic diet on the hypoxic environment in the mouse brain. In HFD-fed mice, the protein levels of HIF-1α were significantly increased, as shown by western blotting. BV2 cells treated with PA yielded similar results. To determine the localization of HIF-1α in the two groups, immunofluorescence analysis was performed (Figure 3). HIF-1α was highly expressed, and the overlay images showed that HIF-1α accumulated in the nucleus rather than the cytoplasm in the HFD group (Figure 3E). These results suggested that HIF-1α was increased in hypoxic tissue in the hypoxic environment induced by the hyperlipidaemic diet.
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FIGURE 3
The expression of HIF-1α was observed in hippocampus of mice. Western blot results showing that high-fat diet upregulates the expression of HIF-1α in the hippocampus of aged brain C57BL/6 mice (n = 4/group, two-sample t-test) (A,B). (C,D), Graph showing the expression level of HIF-1α proteins expressed in BV2 cells after treatment with 100 mM PA. (E) Expression of HIF-1α in the CA3 of the hippocampus and cortex of mice in the two groups observed by immunofluorescence (n = 3/group). Scale bars = 50 μm.




A high-fat diet increased the expression of brain senescence markers

Senescence-associated β-galactosidase (SA-β-Gal) is a common marker for senescence. SA-β-gal staining of brain tissues was used as a brain senescence marker. Our results show that after 24 weeks of high-fat diet feeding, a significant increase in the number of SA-b-gal-positive cells was demonstrated in the mouse hippocampus when compared to that in the normal diet groups especially in region CA3 (Figure 4).
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FIGURE 4
A HFD induced hippocampal cell senescence. (A) Representative images of SA-β-Gal+ in HFD mice and ND mice in the hippocampus. The enlarged boxed region (right) shows the region CA3-positive cells. Scale bars = 50 μm. (B) Quantification of SA-b-GalC in total cells in the hippocampus of ND and HFD mice (n = 3/group) *p < 0.05.




A high-fat diet triggers cellular apoptosis in mice brain

Cellular apoptosis plays numerous important age-related degenerative pathophysiological roles. We also performed terminal deoxyribonucleotide transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) staining shown in Figure 5. After 24 weeks of a high-fat diet, apoptosis was significantly increased in the brains of the HFD group.
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FIGURE 5
A HFD boosted cell apoptosis in mice brain. (A) TUNEL staining was applied to assess the effects of HFD induced on the apoptosis of brain cell. Scale bars = 50 μm. (B) Percentage of TUNEL-positive cells by TUNEL staining (n = 3/group) **p < 0.01.




A high-fat diet influences autophagic flux by suppressing the conversion of autophagosomes to autophagolysosomes

Autophagic flux was measured by examining the levels of the autophagy-related proteins LC3, Atg3, and Beclin1 by western blotting. The expression of LC3, Atg3, and Beclin1 was significantly increased; moreover, the expression of the elective autophagy receptor SQSTM1/p62 was also increased, suggesting that a HFD may affect autophagic flux by increasing autophagosome formation. To confirm the role of autophagosomes in the mouse hippocampus, we performed transmission electron microscopy, which is a standard method to examine autophagy activation. Under an electron microscope, the number of autophagosomes was increased in HFD-induced cells, and the number of autophagolysosomes was decreased. Abnormal glial morphology and increased apoptosis in HFD-fed mice were accompanied by mitochondrial depolarization. Figures 8Eb,d shows a significantly abnormal synaptic structure and blurred or missing synaptic clefts. We tested this hypothesis, and the results from our in vitro HFD model using BV2 cells was consistent with the in vivo results. Western blotting showed that PA treatment significantly increased the expression of LC3II/LC3I, Atg3 and Beclin1 and increased the accumulation of p62 compared with those in the control group. These data suggest that a long-term HFD feeding can suppress autophagic degradation.
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FIGURE 6
(A) Hippocampal immunohistochemical staining using an antibody against Aβ42 was performed to detect the Aβ42 load in hippocampal slices from the ND group and HFD group. The right panel shows representative Aβ42 plaque staining in region CA3. (B) Immunohistochemical analysis of Aβ42 protein expression. Significant differences compared with the ND group.
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FIGURE 7
Effect of high-fat diet on AMPK/mTOR/p70S6K pathway protein levels. Representative western blotting bands of mTOR, p-mTOR, AMPK, p-AMPK, and p70S6K in the hippocampus of the ND and HFD groups (shown in panel A). Statistical results showed that a high-fat diet increased p-mTOR levels and the p-mTOR/mTOR ratio, decreased p-AMPK levels and the p-AMPK/AMPK ratio and decreased p70S6K in the hippocampus (ND, n = 4 mice; HFD, n = 4 mice) (shown in panel B). BV2 cells treated with were done with PA medium (100 mM), and showed the same result (C,D) *p < 0.05, **p < 0.01.
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FIGURE 8
The expression levels of autophagy-associated proteins and the ultrastructure of autophagosomes in the hippocampus of mice under an electron microscope. (A,B) Representative western blotting bands of Beclin-1, ATG3, LC3, and P62 in the hippocampus of mice and their quantification. (C,D) BV2 cells treated with PA medium (100 mM) showed increased expression of Beclin-1, ATG3, LC3, and P62 compared with the CON group (ND, n = 4 mice; HFD, n = 4 mice). (E) Alterations in hippocampal ultrastructure were examined by transmission electron microscopy. (a) The gliocyte lost its cytosol (blue arrow) in ND. N, nucleus; Mi, mitochondria, ×30000. (b) The synaptic structure was intact, with normal histological structure in ND (blue circle). (c) The nucleus condensed, and the chromosomes gathered to assemble chromatin (purple arrow) and widened the nuclear gap (green arrow) and mitochondrial mild swelling (blue circle) and autophagosomes (white circle) in the HFD group. RER, rough endoplasmic reticulum, GB, Golgi bodies ×30000. (d) The structure of presynaptic membrane and synaptic gap is not clear in HFD (red circle) ×30000, scalar bar = 500 μm.




The AMPK-mTOR-p70S6K signaling pathway, which regulates autophagy, is activated by a high-fat diet

To confirm whether the increase in autophagy induced by HFD was dependent on the regulation of the AMPK-mTOR-p70S6K signaling pathway, C57BL/6J mice were fed a HFD for 6 months. Western blot analysis revealed that the levels of phosphorylated AMPK (Thr172) were decreased, and the levels of phosphorylated mTOR (Ser2448) and p70S6 were decreased, as shown in Figure 7.



A high-fat diet caused hippocampal amyloidosis to increase in aged C57BL/6 mice

Amyloid-β (Aβ) peptides have been reported to impair synaptic function, long-term synaptic plasticity and memory performance Walsh et al. (2002) and Cleary et al. (2005). We performed immunohistochemistry to detect the expression of Aβ42 in the hippocampus of the ND group and HFD group. Interestingly, as shown in Figure 6, compared with the ND group, the HFD group had significantly increased expression of Aβ42 in the hippocampus, especially in the CA3 region.




Discussion

This study aimed to investigate HFD-induced obesity on the ageing process and cognitive or behavioral changes. In this study, we found that 24 weeks of a HFD effectively induced phenotypic changes, including obesity and changes in skin and fur, in mice. In addition, the mice also showed learning and memory deficits. Moreover, the HFD-induced obesity activated tissue hypoxia, upregulated the expression of HIF-1α, and influenced autophagy by decreasing the p-AMPK/AMPK ratio and increasing the p-mTOR/mTOR ratio in the hippocampus. The results of the in vitro experiment were consistent with those of the in vivo experiment. Overall, our results demonstrated that long-term HFD-induced obesity may increase HIF-1α levels, inhibit AMPK phosphorylation and promote mTOR phosphorylation to inhibit autophagy and increase apoptosis and cellular senescence, which eventually leads to a senescent phenotype and disturbances in cognitive function in mice. Accumulating evidence indicates that chronic HFD feeding can cause obesity, insulin resistance, and glucose intolerance Forouhi et al. (2018). However, research on how brain metabolic manipulations improve the quality of health and thus prolong life in elderly individuals is still in its infancy. Specifically, accelerated ageing and cognitive dysfunction following HFD feeding are poorly understood. Impaired autophagy is involved in neurodegenerative age-related diseases, such as AD, PD, and HD, as well as in lysosomal storage disorders Hansen et al. (2018). It is widely accepted that autophagy is divided into three categories: macroautophagy, molecular chaperone-mediated autophagy and microautophagy. Among them, the most widely studied is macroautophagy. Autophagy is a dynamic process that consists of several steps, including (i) phagosome formation, (ii) autophagosome formation, (iii) lysosome fusion to autophagolysosomes, and (iv) the degradation of autophagolysosomes (Figure 9). Microtubule-associated protein light chain 3β (also known as LC3) is an essential macroautophagy protein that is present from autophagosome formation to fusion with lysosomes. LC3 is divided into two subtypes: soluble LC3-I and lipidated LC3-II. LC3I is first activated by autophagy-related protein 7 (Atg7) and then transferred to Atg3 (a ubiquitin-2-like protein), and the conversion of LC3 from the LC-I-cleaved form to the conjugated form (LC3II) is considered a key step in autophagosome formation Tanaka et al. (2012). Beclin1 is a crucial molecule in autophagy due to its ability to initiate autophagosome formation, mediate the recruitment of autophagy-related proteins and promote the formation and maturation of autophagosomes Choi et al. (2015). The mTOR signaling pathway is well known to be a negative regulator of autophagy. Activated AMPK (p-AMPK, phosphorylated AMPK) inhibits mTOR, resulting in enhanced autophagy. The major downstream target of mTOR is P70S6K. An adverse haemodynamic profile and diminished cerebral blood flow were observed in adipose tissue from obese humans, suggesting a hypoxic state in the tissue, which likely contributes to metabolic dysfunction.
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FIGURE 9
The Process and Regulation of Autophagy. A long-term HFD influenced brain damage by upregulating the expression of HIF-1α, which inhibited autophagy by inhibiting the expression of p-AMPK/p-mTOR/P70S6K and promoting the expression of p62. Meanwhile, HFD increased the protein level of Aβ42.


Previous studies have established a link between obesity and an increased burden of senescent cells Tumasian et al. (2021). In addition, Shin et al. showed that an increase in HIF-1α contributes to increased p-tau expression in neurons and astrocytes in the hippocampus, eventually resulting in cognitive impairment Shin et al. (2019). Moreover, it has been previously reported that autophagic flux is increased in the initial phase of hypoxia and later results in impaired autophagy-mediated clearance (Cui et al., 2017). Whereas AMPK depresses the activity of HIF-1α, HIF-1α promotes autophagic flux in an AMPK-independent manner Li et al. (2015). In the present study, our results showed that a HFD markedly induced the protein expression of p-AMPK and reduced the expression of p-mTOR in the mouse hippocampus, which might be due to eutrophication Hu et al. (2018). Emerging evidence suggests direct links between autophagy and Aβ, which may contribute to AD onset or progression Pickford et al. (2008). Normally, Aβ aggregates, can also be degraded by the autophagy-lysosomal pathway (ALP). Defective ALP, which is increased formation of autophagosomes not only leads to Aβ42 accumulation, but also hinders its degradation. In addition, it has been shown that defective ALP can overproduce neurovirulent Aβ40 and Aβ42 Chu et al. (2013).

In summary, our results provide the first evidence that a long-term HFD causes accelerated ageing and cognitive dysfunction compared to a normal diet. Autophagy dysfunction caused by disrupted lipid metabolism and tissue hypoxia in the brain may be associated with dietary fat. In comparison, previous studies in this field mostly studied young mice fed a HFD for a shorter time. Thus, our study revealed that a HFD alters the rate of pathological autophagosomes in vitro and in vivo. Ageing is characterized by a progressive loss of physiological integrity in various organs throughout life. Dietary nutrients are among the most critical environmental factors that modulate health span and lifespan. However, how a HFD affects brain damage is still unclear. Our findings may provide a means for the diagnosis or personalized treatment of congenital premature ageing syndromes, AD and PD and resolve the challenges in the ageing population. Furthermore, our work provides novel insight into the importance of HFD feeding in midlife in mice.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by the Chongqing General Hospital.



Author contributions

ZC and FC were responsible for the conception of the idea, data analysis, and manuscript preparation. FC, WY, SW, MY, JW, HL, QZ, and SL performed the experimental work. ZC and FC prepared and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Construction Project of Capacity Improvement Plan for Chongqing Municipal Health Commission affiliated unit (2019NLTS001)-ZS03174, operating grant to Chongqing Key Laboratory of Neurodegenerative Diseases (1000013), Chongqing Talent Project (2000062), Overseas Students entrepreneurial fund (2000079), and Plan for High-level Talent Introduction (2000055).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Abbott, K. N., Arnott, C. K., Westbrook, R. F., and Tran, D. (2019). The effect of high fat, high sugar, and combined high fat-high sugar diets on spatial learning and memory in rodents: a meta-analysis. Neurosci. Biobehav. Rev. 107, 399–421. doi: 10.1016/j.neubiorev.2019.08.010

Bartels, E. D., Bang, C. A., and Nielsen, L. B. (2009). Early atherosclerosis and vascular inflammation in mice with diet-induced type 2 diabetes. Eur. J. Clin. Invest. 39, 190–199. doi: 10.1111/j.1365-2362.2009.02086.x

Carling, D., Sanders, M. J., and Woods, A. (2008). The regulation of AMP-activated protein kinase by upstream kinases. Int. J. Obes. 32(Suppl. 4), S55–S59. doi: 10.1038/ijo.2008.124

Choi, J., Jo, M., Lee, E., Lee, D. Y., and Choi, D. (2015). Dienogest enhances autophagy induction in endometriotic cells by impairing activation of AKT, ERK1/2, and mTOR. Fertil. Steril. 104, 655–664. doi: 10.1016/j.fertnstert.2015.05.020

Chu, C., Zhang, X., Ma, W., Li, L., Wang, W., Shang, L., et al. (2013). Induction of autophagy by a novel small molecule improves abeta pathology and ameliorates cognitive deficits. PLoS One 8:e65367. doi: 10.1371/journal.pone.0065367

Cleary, J. P., Walsh, D. M., Hofmeister, J. J., Shankar, G. M., Kuskowski, M. A., Selkoe, D. J., et al. (2005). Natural oligomers of the amyloid-beta protein specifically disrupt cognitive function. Nat. Neurosci. 8, 79–84. doi: 10.1038/nn1372

Cui, D., Sun, D., Wang, X., Yi, L., Kulikowicz, E., Reyes, M., et al. (2017). Impaired autophagosome clearance contributes to neuronal death in a piglet model of neonatal hypoxic-ischemic encephalopathy. Cell Death Dis. 8:e2919. doi: 10.1038/cddis.2017.318

Daub, J. T., Moretti, S., Davydov, I. I., Excoffier, L., and Robinson-Rechavi, M. (2017). Detection of pathways affected by positive selection in primate lineages ancestral to humans. Mol. Biol. Evol. 34, 1391–1402. doi: 10.1093/molbev/msx083

Forouhi, N. G., Krauss, R. M., Taubes, G., and Willett, W. (2018). Dietary fat and cardiometabolic health: evidence, controversies, and consensus for guidance. BMJ 361:k2139. doi: 10.1136/bmj.k2139

Hansen, M., Rubinsztein, D. C., and Walker, D. W. (2018). Autophagy as a promoter of longevity: insights from model organisms. Nat. Rev. Mol. Cell Biol. 19, 579–593. doi: 10.1038/s41580-018-0033-y

Hardie, D. G. (2015). AMPK: positive and negative regulation, and its role in whole-body energy homeostasis. Curr. Opin. Cell Biol. 33, 1–7. doi: 10.1016/j.ceb.2014.09.004

Hoffman, E. L., VonWald, T., and Hansen, K. (2015). The metabolic syndrome. S D Med. Spec No, 24–28.

Hosogai, N., Fukuhara, A., Oshima, K., Miyata, Y., Tanaka, S., Segawa, K., et al. (2007). Adipose tissue hypoxia in obesity and its impact on adipocytokine dysregulation. Diabetes 56, 901–911. doi: 10.2337/db06-0911

Hu, H., Seung-Hwan, L., Inês, S., Sang, S. K., Won, M. H., Yossi, D., et al. (2018). Rho-kinase/AMPK axis regulates hepatic lipogenesis during overnutrition. J. Clin. Invest. 128, 5335–5350. doi: 10.1172/JCI63562

Knight, E. M., Martins, I. V., Gumusgoz, S., Allan, S. M., and Lawrence, C. B. (2014). High-fat diet-induced memory impairment in triple-transgenic Alzheimer’s disease (3xTgAD) mice is independent of changes in amyloid and tau pathology. Neurobiol. Aging 35, 1821–1832. doi: 10.1016/j.neurobiolaging.2014.02.010

Li, H., Satriano, J., Thomas, J. L., Miyamoto, S., Sharma, K., Pastor-Soler, N. M., et al. (2015). Interactions between HIF-1alpha and AMPK in the regulation of cellular hypoxia adaptation in chronic kidney disease. Am. J. Physiol. Renal Physiol. 309, F414–F428. doi: 10.1152/ajprenal.00463.2014

Pickford, F., Masliah, E., Britschgi, M., Lucin, K., Narasimhan, R., Jaeger, P. A., et al. (2008). The autophagy-related protein beclin 1 shows reduced expression in early Alzheimer disease and regulates amyloid beta accumulation in mice. J. Clin. Invest. 118, 2190–2199. doi: 10.1172/JCI33585

Prentice, A. M., and Jebb, S. A. (2003). Fast foods, energy density and obesity: a possible mechanistic link. Obes. Rev. 4, 187–194. doi: 10.1046/j.1467-789x.2003.00117.x

Shin, N., Kim, H. G., Shin, H. J., Kim, S., Kwon, H. H., Baek, H., et al. (2019). Uncoupled endothelial nitric oxide synthase enhances p-tau in chronic traumatic encephalopathy mouse model. Antioxid Redox Signal. 30, 1601–1620. doi: 10.1089/ars.2017.7280

Sikora, E., Bielak-Zmijewska, A., Dudkowska, M., Krzystyniak, A., Mosieniak, G., Wesierska, M., et al. (2021). Cellular senescence in brain aging. Front. Aging Neurosci. 13:646924. doi: 10.3389/fnagi.2021.646924

Tanaka, A., Jin, Y., Lee, S. J., Zhang, M., Kim, H. P., Stolz, D. B., et al. (2012). Hyperoxia-induced LC3B interacts with the Fas apoptotic pathway in epithelial cell death. Am. J. Respir. Cell Mol. Biol. 46, 507–514. doi: 10.1165/rcmb.2009-0415OC

Tumasian, R. R., Harish, A., Kundu, G., Yang, J. H., Ubaida-Mohien, C., Gonzalez-Freire, M., et al. (2021). Skeletal muscle transcriptome in healthy aging. Nat. Commun. 12:2014. doi: 10.1038/s41467-021-22168-2

Walsh, D. M., Klyubin, I., Fadeeva, J. V., Cullen, W. K., Anwyl, R., Wolfe, M. S., et al. (2002). Naturally secreted oligomers of amyloid beta protein potently inhibit hippocampal long-term potentiation in vivo. Nature 416, 535–539. doi: 10.1038/416535a

Wang, Y., and Zhang, H. (2019). Regulation of autophagy by mTOR signaling pathway. Adv. Exp. Med. Biol. 1206, 67–83. doi: 10.1007/978-981-15-0602-4_3













	 
	

	TYPE Original Research
PUBLISHED 06 October 2022
DOI 10.3389/fnins.2022.1013555





CT-guided radiofrequency ablation of the extracranial cranial nerve for the treatment of Meige’s syndrome

Bing Huang1, Xin-dan Du2, Ming Yao1, Hui-dan Lin3, Wen-hua Yu4 and Qing-he Zhou1*

1Department of Pain Medicine, Affiliated Hospital of Jiaxing University, Jiaxing, China

2Department of Pain Medicine, Redcross Hospital of Hangzhou, Hangzhou, China

3Department of Pain Medicine, First Hospital of Ningbo, Ningbo, China

4Department of Neurosurgery, Affiliated Hangzhou First People’s Hospital, Zhejiang University School of Medicine, Hangzhou, China

[image: image]

OPEN ACCESS

EDITED BY
Shani Stern, University of Haifa, Israel

REVIEWED BY
Michael Benjamin Larkin, Baylor College of Medicine, United States
Renato Juan Galzio, University of Pavia, Italy

*CORRESPONDENCE
Qing-he Zhou, jxxmxy@163.com

SPECIALTY SECTION
This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

RECEIVED 07 August 2022
ACCEPTED 20 September 2022
PUBLISHED 06 October 2022

CITATION
Huang B, Du X-d, Yao M, Lin H-d, Yu W-h and Zhou Q-h (2022) CT-guided radiofrequency ablation of the extracranial cranial nerve for the treatment of Meige’s syndrome.
Front. Neurosci. 16:1013555.
doi: 10.3389/fnins.2022.1013555

COPYRIGHT
© 2022 Huang, Du, Yao, Lin, Yu and Zhou. 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.

Background: Meige’ s syndrome, a rare form of dystonia, lacks effective treatment. The purpose of this study was to determine the effects of CT-guided percutaneous extracranial radiofrequency ablation of the facial and/or trigeminal nerves in the treatment of Meige’s syndrome.

Methods: A total of 10 patients were enrolled in this study, with the numbers of blepharospasm dystonia syndrome (BDS), oromandibular dystonia syndrome (ODS), and blepharospasm combined with oromandibular dystonia syndrome (B-ODS) being 7, 1, and 2, respectively. BDS patients underwent radiofrequency ablation of the bilateral stylomastoid foramen facial nerve; ODS patients underwent radiofrequency ablation of the bilateral foramen oval trigeminal mandibular branch, and B-ODS patients underwent radiofrequency ablation of the bilateral stylomastoid foramen facial nerve and foramen oval trigeminal mandibular branch. The therapeutic effects and complications were observed.

Results: All 10 patients in this series experienced improved Meige’s syndrome-related symptoms after extracranial radiofrequency ablation of the cranial and/or mandibular branches of the extracranial trigeminal nerve. Adverse events included class II–III facial paralysis and/or mandibular skin numbness. Two patients had recurrences at the 18th and 22nd months postoperatively, respectively; the other patients were being followed up.

Conclusion: These results shown that CT-guided radiofrequency ablation of bilateral stylomastoid foramen facial nerve and/or oval foramen trigeminal mandibular branch can effectively treat the corresponding types of Meige’s syndrome. According to preliminary observations, the therapeutic effect may last more than 18 months.

KEYWORDS
Meige’s syndrome, radiofrequency ablation, facial nerve, trigeminal nerve, CT


Introduction

Meige’s syndrome, also known as segmental craniometrical dystonia, is a rare form of cranial dystonia characterized by blepharospasm (BDS) and oromandibular dystonia (ODS), as well as complex movement of the lower facial muscles, jaw, mouth, tongue, pharyngeal, and cervical muscles (Pandey and Sharma, 2017). BDS is the most common and incapacitating manifestation in a patient with Meige’s syndrome, which begins unilaterally in nearly 25% of patients and quickly progresses to bilateral (Tolosa and Klawans, 1979), with progressive worsening of BDS and spreading of symptoms involving the oromandibular, cervical, and limb muscles (Weiss et al., 2006; Abbruzzese et al., 2008). Meige’s syndrome is classified into three subtypes based on the distinct craniometrical muscles involved: BDS, ODS, and blepharospasm combined with oromandibular dystonia (B-ODS) (Marsden, 1976).

Oral medications (LeDoux, 2009) and botulinum toxin injections (Bhidayasiri et al., 2006; Czyz et al., 2013), are currently used as therapeutic options but have not yet achieved the required level of clinical resolution. Although deep brain stimulation has emerged as an alternative treatment option for intractable patients (Markaki et al., 2010; Reese et al., 2011), the treatment necessitates excessive technical requirements and the cost is high.

Our previous studies established that CT-guided percutaneous stylomastoid foramen puncture and radiofrequency ablation are effective for treating hemifacial spasm (Huang et al., 2021),and that CT-guided percutaneous foramen oval puncture and radiofrequency ablation are effective for treating mandibular branch of trigeminal neuralgia and refractory V3 trigeminal neuralgia (Huang et al., 2019a; Lin et al., 2021). Based on these prior studies, here we report our experience with 10 patients who underwent CT-guided extracranial radiofrequency ablation of the cranial nerve for the treatment of Meige’s syndrome.



Materials and methods

This study was approved by the Ethics Committee of the Affiliated Hospital of Jiaxing University, Jiaxing, China (LS2019-013) on 20 May 2019. A total of 10 patients diagnosed with Meige’s syndrome were enrolled from April 2019. All study subjects volunteered to participate in this prospective, observational study and provided consent to use their health data and portraits for future publications.


Inclusion and exclusion criteria

This study enrolled patients with Meige’s syndrome. Before surgery, all individuals consented to a cranial CT examination to rule out cerebral space-occupying lesions. All patients underwent a three-dimensional time of flight magnetic resonance angiography (3D-TOF MRA) and there was no concomitant vascular compression of bilateral facial nerves. Synchronous contraction of the bilateral orbicularis oculi muscle and explosive discharge of the bilateral orbicularis oris muscle were observed on facial electromyography before the operation, and no abnormal muscle response was noted. None of the subjects had a history of Parkinson’s disease or tremor, long-term history of taking psychosedative drugs, craniocerebral trauma, cerebrovascular accident, or encephalitis. None of the patients had any history of deep brain stimulation. Contraindications to radiofrequency ablation treatment such as coagulation dysfunction, infection of the puncture site, and cardiac pacemaker were also excluded.



Treatment options

Patients with BDS were treated with radiofrequency ablation of bilateral stylomastoid foramen facial nerve under CT guidance; patients with ODS were treated with radiofrequency ablation of bilateral foramen oval trigeminal mandibular branch under CT guidance, and patients with B-ODS were treated with radiofrequency ablation of bilateral stylomastoid foramen facial nerve and foramen oval trigeminal mandibular branch under CT guidance.



Treatment of blepharospasm dystonia syndrome

Before the procedure, study participants fasted for 4–6 h. After entering the CT examination room, the subject was placed in the lateral decubitus position with the head supported on a pillow. Upper limb venous access was established, and standard ASA monitors were implemented. Following confirmation of the puncture site, CT positioning grids were placed anterior and posterior to the patient’s ear (Figure 1). The mastoid region was scanned in 3-mm layers using a paranasal sinus CT scanning protocol. The stylomastoid foramen was identified on an image sequence [Syngo Multimodality Workplace (MMWP); Siemens] and set as the puncture target.


[image: image]

FIGURE 1
Placement of the CT positioning grids. CT positioning grids were placed anterior and posterior to the patient’s ear.


The CT layer with the stylomastoid foramen and without the bone barrier of the tympanic part of the temporal bone was selected as the puncture layer, and the CT measurement tool software was used to pull a straight line forward from the stylomastoid foramen. The intersection of the line and the skin is the puncture point (Figure 2). We determined the puncture depth (the distance from the puncture point to the target) and puncture angle (the angle between the puncture route and sagittal plane). After administering local anesthesia to the puncture site, a stylet 7-gauge radiofrequency needle with a length of 10 cm and an exposed end of 5 mm (Model 240100; Innomed Medical Technology Co., Ltd.) was gradually advanced toward the target under the guidance of intermittent CT inspection (Figure 3) and confirmed by three-dimensional reconstruction of CT scanning (Figure 4). The facial nerve was then stimulated with a radiofrequency probe at a frequency of 2 Hz and a current capacity of 0.5 mA (RF instrument model PMG230; Baylis Medical Co., Inc.). The positive facial muscle twitches from the stimulation indicated that the facial nerve was in close proximity (Supplementary Video 1).
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FIGURE 2
Puncture path design of stylomastoid foramen.



[image: image]

FIGURE 3
Puncturing of the stylomastoid foramen under intermittent CT guidance.



[image: image]

FIGURE 4
Three-dimensional reconstruction of the CT scans confirmed successful puncture of the stylomastoid foramen.


Patients were required to puff their cheeks and close their eyes while receiving continuous radiofrequency ablation at a preset temperature of 65°C for 30 s. Whether air leakage occurred when the patient’s cheeks were bulging and the treatment side eye could be tightly closed during the treatment was closely observed. When the individual struggled to keep their eyes closed or their cheeks bulged, the ablation protocol was stopped, and the procedure was completed. After 30 s of radiofrequency ablation, if no air leakage occurred when puffing the cheeks and the eyes were tightly closed, there was an increase in the radiofrequency temperature by 5°C before the next cycle. Thus, a 5°C step heating radiofrequency was implemented until air leakage occurred on the treatment side during puffy cheeks and the eyes could not be tightly closed. Sedation was performed during the needle insertion process. The same method was used for contralateral treatment.



Treatment of oromandibular dystonia syndrome

The patient was positioned supine on the CT scaffold, with thin pillows beneath the shoulders to keep the head backward by 15–25°. The patient’s head was fixed on the head frame of the CT table using a wide tape, and a CT positioning grid was placed on the lateral corner of the mouth of the affected side. The head positioning image was taken in the paranasal sinus mode, and the zygomatic face was scanned in the semi-coronal position with a 3 mm layer thickness. The scanning baseline was parallel to the line from the external earhole to the item point of the second molar, and the upper edge of the scanning frame reached the upper edge of the zygomatic arch. The scanned CT image was replayed, the layer containing foramen oval (puncture targets) on both sides selected as the puncture layer, the puncture path on this layer was designed by pulling a straight line from the target close to the inner edge of the coronal process to the facial soft tissue. The intersection of the straight line and skin was the puncture point. The distance from the target point to the puncture point (puncture depth) was measured, and the angle between the puncture direction and the sagittal plane (puncture angle) was determined using CT software.

Following routine disinfection and towel laying, local anesthesia at the puncture point was performed. A stylet 7-gauge radiofrequency needle with a length of 10 cm and an exposed end 5 mm close to the inner edge of the coronal process was inserted into the foramen oval along the designed puncture path, and the needle feeding was stopped when the needle tip was flat at the inner opening of the foramen oval to avoid the needle tip entering the brain.

If stimulation with high frequency (50 Hz) current (0.5 mA) or voltage (0.3 V) could induce alloesthesia in the innervation area of the trigeminal mandibular branch (lower lip, mandible, ototemporal area), and stimulation with low a frequency (2 Hz) current (0.5–1 MA) or voltage (0.3–0.5 V) could induce rhythmic jitter of the mandible (Supplementary Video 2), then standard radiofrequency thermocoagulation at 95°C was administered for 180 s (Lin et al., 2021).

The assumption was that CT scanning revealed the horizontal transverse diameter of the foramen oval on the affected side to be greater than 6 mm. In that case, double-needle bipolar RF ablation technology was used (Huang et al., 2019a): Two parallel puncture paths were designed with the inner and outer sides of the foramen oval as targets, respectively, and an RF needle was punctured into the inner and outer sides of the oval foramen along the designed path to the internal opening of the oval foramen. Double-needle bipolar radiofrequency ablation was performed after satisfactory electrophysiological testing (Figure 5).
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FIGURE 5
Two puncture needles are inserted into the foramen ovale.




Treatment of blepharospasm combined with oromandibular dystonia syndrome

After the radiofrequency ablation treatment of the facial nerve via the stylomastoid foramen was conducted under CT guidance, radiofrequency ablation of the left and right mandibular branches of the extracranial trigeminal nerve via the oval foramen was performed using the methods described above, respectively.



Following up and adverse events

All patients were followed up postoperatively to observe the therapeutic effects, and complications such as facial paralysis and skin numbness of the mandible were also observed. The definition facial paralysis was based on the report of House and Brackmann (1985).




Results


General characteristics

Ten patients (two men and eight women) were enrolled in this study. The average age was 57.6 ± 6.6 years, the average course of the disease was 3.1 ± 1.1 years, and the average follow-up time was 8.3 ± 10.5 months. The BDS, ODS, and B-ODS numbers were seven, one, and two, respectively.



Effects and complications

All 10 patients in this series experienced improved Meige’s syndrome -related symptoms after extracranial radiofrequency ablation of a cranial nerve or/and mandibular branches of the extracranial trigeminal nerve. Two patients had recurrences at the 18th and 22nd months, respectively; the remaining eight patients were followed up for 1–9 months, respectively, and no recurrence was found. The adverse events included facial paralysis class II-III and/or mandibular skin numbness, and these complications improved over time (see Tables 1, 2).


TABLE 1    Characteristics and treatments of study patients.
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TABLE 2    The outcomes and adverse events of radiofrequency ablation for Meige’s syndrome.

[image: Table 2]




Discussion

Meige’s syndrome is characterized by autonomic motor control dysfunction, basal ganglia thalamus cortical circuit interaction disorder, basal ganglia, and thalamus neurotransmitter imbalance, resulting in excitatory and inhibitory imbalance (LeDoux, 2009; Ribot et al., 2019; Ma et al., 2021). Jochim et al. (2020) reported that treating Meige’s syndrome with botulinum toxin A is safe and effective, lasting for only 2–4 months, and only a few patients experience toxic reactions (Hassell and Charles, 2020). Deep brain stimulation can be used to treat Meige’s syndrome by placing stimulation electrodes into the bilateral medial globus pallidus or the subthalamic nucleus. Nonetheless, only 50–70% of patients receive effective treatment. This technology requires stereotactic neuronavigation, which has stringent technical requirements and is too expensive for the majority of patients (Horisawa et al., 2018; Liu et al., 2021).

Dystonia is treated by blocking the generation and transmission of abnormal motor signals. Deep electrical stimulation is used to treat Meige’s syndrome because it blocks or interferes with the generation of abnormal movement signals of the hypothalamic nuclei, which is equivalent to treating the pacing system (signal source). Local injection of botulinum toxin blocks the transmission of abnormal motor signals at the neuromuscular junction, which is equivalent to the treatment of effectors. Radiofrequency ablation of the cranial nerve blocks the transmission of abnormal motor signals in the cranial nerve, which is equivalent to the treatment of the intermediate links of the conduction system. Different types of Meige’s syndrome affect different cranial nerves.

The facial nerve serves as the conduction system for BDS, whereas the mandibular branch of the trigeminal nerve serves as the main conduction system for ODS. The conduction system of BDS combined with ODS type involves the mandibular branch of the facial nerve and trigeminal nerve, involving pharyngeal muscle, lingual muscle, and neck muscle. The conduction system comprises glossopharyngeal, hypoglossal, and accessory nerves. Therefore, partial radiofrequency ablation of the above cranial nerves can theoretically block the transmission of abnormal motion signals to effectors (orbicularis oculi muscle, orbicularis oris muscle, and/or masticatory muscle, pharyngeal muscle, tongue muscle, sternocleidomastoid muscle, etc.), and thus alleviate Meige’s symptoms.

Our research group conducted an in-depth study on the treatment of trigeminal neuralgia using extracranial non-Gassel ganglion radiofrequency and discovered that radiofrequency therapy directed at the extracranial trigeminal nerve trunk can also achieve a satisfactory therapeutic effect (Huang et al., 2014, 2019b; Chen et al., 2019). Additionally, while using extracranial radio frequency, the puncture needle does not need to penetrate the skull to locate the semilunar ganglion. Nonetheless, the radio frequency for the mandibular branch can be realized at the foramen ovale (Huang et al., 2019a; Lin et al., 2021). Complications such as intracranial infection and intracranial hemorrhage associated with puncturing the semilunar segment of the intracranial trigeminal nerve can be avoided entirely, significantly improving the safety of radiofrequency treatment. Additionally, for the radiofrequency treatment of the facial nerve, we developed extracranial radio frequency technology, “CT-guided percutaneous puncture of the facial nerve in stylomastoid foramen for the treatment of facial spasm,” and successfully applied it in the clinic (Huang et al., 2021).

According to different syndrome types, this group adopted different cranial nerves for extracranial radiofrequency treatment: for BDS, which involves only the orbicularis oculi and orbicularis oris muscles innervated by the facial nerve, but not the masticatory muscle, the symptoms of eyelid spasm and perioral expression muscle twitch completely resolved after radiofrequency treatment of bilateral stylomastoid foramen facial nerve; for ODS, which involves only the masticatory muscle, bilateral foramen oval trigeminal mandibular branch radiofrequency could eliminate masticatory muscle spasm; and for B-ODS, which involves BDS combined with ODS, extracranial radiofrequency therapy of the mandibular branch of the facial nerve and trigeminal nerve was performed successively to eliminate BDS and masticatory muscle spasm, respectively. It is conceivable that if Meige’s syndrome affects more cranial muscles, the cranial nerves that transmit motor signals to the corresponding muscles will need to be treated with radiofrequency.

In contrast to facial spasm which is caused by irregular, involuntary, and painless clonus of unilateral facial muscles due to compression of the root of the facial nerve by accompanying blood vessels (Chaudhry et al., 2015), the cranial dystonia of Meige’s syndrome is often symmetrically distributed on both sides of the central axis of the face, and its pathogenesis is not caused by the accompanying vascular compression of the root of the facial nerve in the anterior pontine cistern. Therefore, Meige’s syndrome cannot be treated by craniotomy microvascular decompression (Pandey and Sharma, 2017).

In the current case series, we observed that after radiofrequency treatment of bilateral nerves, mild facial paralysis occurred simultaneously, there was no quarrel or skew, but the sucking ability significantly decreased, leaving the patient unable to complete the smiling action, and no other complications occurred. After radiofrequency surgery on the bilateral mandibular branches of the trigeminal nerve, there was no difficulty in opening the mouth. Nonetheless, hypoesthesia and numbness persisted in the innervation area of bilateral mandibular branches. However, two patients had recurrences at the 18th and 22nd months after 24 months of follow-up. No recurrence was reported in the other cases, which may be attributable to the short follow-up time in these cases. However, in our previous experience with extracranial radiofrequency treatment of trigeminal neuralgia, 11–13, 22–24 the effects lasted for 2–5 years.



Conclusion

CT-guided extracranial radiofrequency ablation of the bilateral stylomastoid foramen facial nerve and/or foramen oval trigeminal mandibular branch may be a viable treatment option for Meige’s syndrome. Apart from botulinum toxin injection and deep brain stimulation, neuro-extracranial radio frequency technology may become a new treatment for Meige’s syndrome.
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SUPPLEMENTARY VIDEO 1
Facial muscles beat rhythmically with facial nerve stimulation.

SUPPLEMENTARY VIDEO 2
The mandibular joint beats rhythmically when the mandibular branch of the trigeminal nerve is stimulated.
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Hepatic encephalopathy (HE)–a major complication of liver disease–has been found to increase the risk of olfactory dysfunction, which may be attributed to elevated levels of ammonia/ammonium in the blood and cerebrospinal fluid. However, the cellular mechanisms underlying hyperammonemia-induced olfactory dysfunction remain unclear. By performing patch-clamp recordings of mitral cells (MCs) in the mouse olfactory bulb (OB), we found that 3 mM ammonium (NH4+) increased the spontaneous firing frequency and attenuated the amplitude, but synaptic blockers could prevent the changes, suggesting the important role of glutamate receptors in NH4+-induced hyperexcitability of MCs. We also found NH4+ reduced the currents of voltage-gated K+ channel (Kv), which may lead to the attenuation of spontaneous firing amplitude by NH4+. Further studies demonstrated NH4+ enhanced the amplitude and integral area of long-lasting spontaneous excitatory post-synaptic currents (sEPSCs) in acute OB slices. This enhancement of excitatory neurotransmission in MCs occurred independently of pre-synaptic glutamate release and re-uptake, and was prevented by the exocytosis inhibitor TAT-NSF700. In addition, an NH4+-induced increasement in expression of NR1 and GluR1 was detected on cytoplasmic membrane, indicating that increased trafficking of glutamate receptors on membrane surface in MCs is the core mechanism. Moreover, NH4+-induced enhanced activity of glutamate receptors in acute OB slices caused cell death, which was prevented by antagonizing glutamate receptors or chelating intracellular calcium levels. Our study demonstrates that the enhancement of the activity and recruitment of glutamate receptor directly induces neuronal excitotoxicity, and contributes to the vulnerability of OB to acute hyperammonemia, thus providing a potential pathological mechanism of olfactory defects in patients with hyperammonemia and HE.
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Introduction

Overwhelming evidence indicates that olfactory dysfunction is associated with liver disease (Burch et al., 1978; Deems et al., 1993; Landis et al., 2004; Temmel et al., 2005; Zucco et al., 2006; Heiser et al., 2018), and 27–76% of patients with liver diseases experience olfactory defects, which can severely affect patient food cravings and intake (Deems et al., 1993; Temmel et al., 2005; Heiser et al., 2018). Hepatic encephalopathy (HE) is a major complication of liver dysfunction, and poor olfactory function has been associated with severe cases. Even patients with minimal HE present with compromised thresholds of odor identification (Temmel et al., 2005; Zucco et al., 2006; Heiser et al., 2018). Ammonium (NH4+)–a proposed major determinants of HE–is toxic and can lead to functional disturbances in the central nervous system by altering neuronal excitability and synaptic transmission (Back et al., 2011; Oja et al., 2017; Jayakumar and Norenberg, 2018).

Ammonium exerts different neuronal effects in different brain regions. It influences the neuronal physiological properties through increasing intracellular calcium levels and altering cytoplasmic pH (Lazarenko et al., 2017). More importantly, NH4+ can affect glutamatergic and gamma-aminobutyric acid (GABA) neurotransmission and disturb intracellular signal transduction pathways (i.e., the glutamate-NO-cGMP pathway), resulting in impairment of neuronal plasticity, learning ability, memory, or even death in acute and chronic hyperammonemia (Sanchez-Perez and Felipo, 2006; Cabrera-Pastor et al., 2016; Lazarenko et al., 2017; Sancho-Alonso et al., 2022). In the CA1 region of rat hippocampus, acute NH4+ administration inhibits neuronal long-term potentiation through GABA-enhancing neurosteroids (Izumi et al., 2013). In the chronic hyperammonemia rat, decreased NR2A and NR2B subunit expressions in the hippocampus lead to impaired learning and memory (Yonden et al., 2010). Acute hyperammonemia in mice can impair cortical inhibitory network and trigger seizures by depolarizing neuronal GABA reversal potential (Rangroo Thrane et al., 2013). In rats with chronic hyperammonemia, the amount of GABA transporter GAT-3 is elevated, resulting in the increased extracellular accumulation of GABA leading to motor in-coordination (Cabrera-Pastor et al., 2018). Mitral cells (MCs), are the projecting neurons in the OB and responsible for olfactory encoding and transmission (Wang et al., 2003; Padmanabhan and Urban, 2010; Boyd et al., 2012; Nagayama et al., 2014). Its apical dendrites ramify in the glomerulus, where they receive glutamatergic inputs from the nerves of olfactory sensory neurons (OSNs) and external tufted cells (ETCs). And MCs also receive inhibitory inputs from the interneurons including periglomerular cells (PG) and granule cells (GCs) through dendrodendritic synapses. Despite compelling evidence of the effects of NH4+ on neurotransmission and neuronal excitability, its pathological mechanism in the olfactory system has never been explored.

In this study, we investigated whether NH4+ alters the excitability of MCs and explored the potential cellular mechanism of MC excitotoxicity by NH4+. Our results demonstrated that 3 mM NH4+ increases the spontaneous firing rates and attenuates the amplitude by potentiating glutamate receptor activity and suppressing Kv currents, leading to MC hyperexcitability. Furthermore, not only have we found that NH4+ elevates the amplitude and integral area of spontaneous excitatory post-synaptic currents (sEPSCs), but also NH4+ administration leads to excitotoxicity and cell death through enhancing the activity and membrane trafficking of glutamate receptors, independently of the alteration in glutamate re-uptake and pre-synaptic glutamate release, suggesting elevated activity and expression of glutamate receptors by NH4+ underlie increased MC excitability and excitotoxicity in the OB.



Materials and methods


Ethical approval

All animal procedures were performed in accordance with the guiding principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Ethics Committee of the Shanghai Sixth People’s Hospital affiliated to Shanghai Jiao Tong University School of Medicine. All efforts were made to avoid causing unnecessary pain and suffering as possible.



Slice preparation and solutions

C57BL/6J mice (aged 15–20 days) were anesthetized with isoflurane before decapitation, as previously described (Chen et al., 2016). The brain was excised and immersed in ice-cold oxygenated artificial cerebrospinal fluid (aCSF) containing (in mM): 124 NaCl, 5 KCl, 1.2 KH2PO4, 2.4 CaCl2, 1 MgCl2, 24 NaHCO3, and 10 glucose, saturated with 95% O2 and 5% CO2. The forebrain containing the OB was dissected and sectioned into transverse 300 μm-thick slices using a vibratome (VT-1200s, Leica, Nussloch, Germany). The slices were incubated in aCSF with 95% O2 and 5% CO2 at 37°C for 40 min to recover cell viability and then maintained at room temperature (23–25°C) before patch-clamp recordings.



Reagents

All chemicals and drugs were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated. The common reagents used in the experiment were NH4Cl, bicuculline (Bic), strychnine (Stry), DL-2-amino-5-phosphonopentanoic acid (APV) and 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide disodium salt hydrate (NBQX). We prepared different concentrations (1, 3, 5 and 10 mM) of NH4Cl solution with an equimolar mass substitute of NaCl. The pH of NH4Cl solution in aCSF saturated with 95% O2 and 5% CO2 was consistent with that of pure aCSF. DL-threo-β-benzyloxyaspartic acid (TBOA) and dynasore were purchased from Tocris (Bristol, United Kingdom). TAT-NSF700 was obtained from Anaspec (Fremont, CA, USA). Bic, Stry, APV, NBQX, TBOA, BAPTA-AM, TAT-NSF700, and dynasore were prepared in stock solution at −20°C and later diluted to a final concentration in aCSF before use. The final concentrations of Bic, Stry, APV, NBQX, TBOA, dynasore, TAT-NSF700, and BAPTA-AM were 10, 3, 50, 20, 30, 40, 5, and 40 μM, respectively. During physiological recordings, MCs were exposed to different reagents through a square-tube gravity perfusion system at a speed of 1 mL/min, continuously gassed with 95% O2 and 5% CO2. All experiments were performed at room temperature.



Mitral cell identification

The MCs in the OB slices were identified by their location, size, shape, and primary dendrites of their cell bodies. MC cell bodies were located in the MC layer, had a diameter of >20 μm, and their soma structures were characterized by different shapes (triangles, polygons, or ovoids). The soma was readily identified using a CCD camera with a 60 × water immersion objective attached to an upright microscope (Examiner.A1, ZEISS, Gottingen, Germany).



Cell-attached recordings

Patch pipettes (resistance of 3–5 MΩ) for the soma recordings were fabricated from borosilicate capillary glass (World Precision Instruments, Sarasota, FL, USA) using a vertical pipette puller (PC-10; Narishige, Tokyo, Japan). To record the physiological activity of MCs without causing perturbation of the intracellular homeostasis, spontaneous action potentials were recorded using a loose-patch cell-attached configuration in the current-clamp mode without any current injection. The pipette was only then filled with aCSF. Data were acquired using a MultiClamp 700B (Axon, 5 kHz low-pass-filtered; 1550, sampled at 50 kHz) and pClamp6 software. The gain of the amplifier was set to the highest possible range below saturation to increase the signal to noise ratio and improve data quality.



Whole-cell voltage-clamp recordings

To investigate the effects of NH4+ on the excitatory synaptic receptors of MC, we performed voltage-clamp recordings in a whole-cell configuration. The pipette solution used in all whole-cell recordings contained (in mM):130 K-gluconate, 5 KCl, 0.6 ethylene glycol-bis(β-aminoethyl)-N,N,N′,N′-tetraacetic acid (EGTA), 10 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES), 4 MgCl2, 3 Na2ATP and 0.3 Na3GTP and 10 sodium creatine phosphate dibasic tetrahydrate (adjusted to pH 7.3 with KOH). The bath offset potential and electrode capacitance were compensated for before sealing the cell membrane. The series resistance varied from 5 to 15 MΩ among cells and was adjusted by 75–90% to maintain <15 MΩ throughout the recordings. Cells showing changes in series resistance of >15% during recording were omitted from the analysis. We recorded the spontaneous post-synaptic currents (sPSCs) that displayed long-lasting depolarization and continued to record spontaneous excitatory PSCs (sEPSCs) in the presence of Bic and Stry at a holding potential of −60 mV. Bic and Stry were used to suppress inhibitory currents mediated by GABA and glycine. sEPSCs were recorded in the control (Bic + Stry), drug solutions, and wash solution.

To examine the effect of NH4+ on excitatory inputs from OSNs to MCs, we placed a bipolar stimulation electrode at the OSN nerve stubs in a subset of experiments to stimulate afferent inputs to the recorded cell. Recordings were made 200–400 μm from the stimulation electrode. The threshold for evoked responses, defined as the stimulation threshold, was measured by gradually increasing the intensity until evoked EPSCs (eEPSCs) or burst firings were triggered. The average stimulation threshold was 2.55 ± 0.23 V. The eEPSC represents as “all or none” response (Gire and Schoppa, 2009). To evoke a stable eEPSC, we used a high intensity of stimulation. Single-pulse stimulations were performed with an interval of 20 s over a recording period of 100 s. Paired-pulse stimulation was conducted with an inter-pulse time interval of 2,000 ms, since evoked EPSCs (eEPSCs) displayed a long refractory period and needed more time to recover to baseline. The stimulations were repeated 10 times with an inter-trial interval of 15 s in the control, drug solutions, and wash solution. We further analyzed the paired-pulse ratio (PPR: P2/P1) to represent changes in pre-synaptic release probability.

Furthermore, raw voltage-gated sodium (Nav) and Kv currents were recorded in voltage-clamp mode at a holding potential of –70 mV and were activated by step depolarization from –70 to 40 mV in 10 mV increments, by using test pulses 500 ms in duration.



Whole-cell current-clamp recordings

We also recorded the spontaneous action potentials at I0 in whole-cell current-clamp mode in the aCSF, and drug solutions. Resting membrane potential (RMP) was measured as well. To measure the membrane resistance (Rm), the evoked depolarized membrane potential was recorded through injecting a current of 10 pA at the holding potential of −60 mV. The rise time constant (τ) was measured by Clampfit 10.6 software. Rm was calculated using the equation: τ = RmCm, where Cm is membrane capacitance.



Membrane surface protein immunoblotting

The fresh mouse OB tissues were incubated in aCSF and 3 mM NH4Cl respectively for 1 h and then washed with cold PBS (1×) and lysed in mild protein lysis buffer (Regent A in cell membrane protein extraction kit, Beyotime, Biotechnology, Shanghai, China) and supplemented with protease inhibitor (1×) (phenylmethanesulfonyl fluoride, Beyotime). This was followed by grinding using a glass homogenizer for 80 times, and subsequent centrifugation at 700 × g for 10 min. The suspension was collected and centrifuged at 14,000 × g for 30 min. As a result, the membrane proteins were pelleted at the bottom of the centrifuge tube. After discarding the supernatant, we added 200 μl Regent B and centrifuged the solution at 14,000 × g for 5 min, and collected the membrane protein solution. The solution was boiled in 1 × SDS sample buffer for 5 min and used for western blot. The samples were centrifuged and supernatant protein was separated on 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) Gel (Invitrogen, Carlsbad, CA, USA). Separated proteins were transferred onto a NC membrane, blocked in 5% non-fat dry milk for at least 1 h at room temperature and subsequently incubated overnight at 4°C on a shaker with primary antibody against rabbit anti-NR1, rabbit anti-GluR1 (purchased from abclonal, Wuhan, China, 1:1000 dilution) and rabbit anti-Na/K-ATPase (Servicebio, Wuhan, China, 1:1000 dilution). After incubation with primary antibodies, the membranes were incubated with goat anti-rabbit horseradish peroxidase conjugated secondary antibodies (abclonal, 1:5000 dilution) for 1 h at room temperature. Na/K-ATPase was chosen as the loading control. Western blots were performed for at least three times and the densitometry analysis was conducted using Image-J Software.



Assessment of cell vitality with calcein-AM/PI co-staining

To assess the levels of NH4+-induced neurotoxicity in MCs, we sectioned OB slices to a thickness of 220 μM with a vibratome (Leica) and pre-treated the slices with control, NH4Cl, APV + NBQX, APV + NBQX + NH4Cl, TAT-NSF700, TAT-NSF700 + NH4Cl, BAPTA-AM, or BAPTA-AM + NH4Cl solution for 1 h before incubation with 1 μM calcein-AM and 2 μM propidium iodide (PI) (Solarbio, Beijing, China) for 15 min at 37°C. Following three washes with aCSF, the slices were fixed with 4% paraformaldehyde for 1 h and mounted, with a coverslip. Slices were observed by confocal microscopy (LSM-710, ZEISS, Thornwood, NY, USA), and live cells and apoptotic nuclei were counted at 40 × magnification. To evaluate the vitality of projecting neurons, we acquired the regions of interest, including the external plexiform and MC layers. The number of stained cells was measured using Image-J software (National Institutes of Health, Bethesda, MD, USA).



Statistical analysis

The amplitude, integral area, and frequency of sEPSCs were used to quantify synaptic events. All electrophysiological data were analyzed by Clampfit 10.2 software (Molecular Devices, San Jose, CA, USA). The parameter of minimum allowed duration in the threshold search was 0.001 or 300 ms to detect the peaks of spontaneous firing or EPSCs, respectively. Peaks were detected automatically, but each event was visually inspected to prevent the inclusion of stochastic artifacts. To quantify the features of spontaneous firing, we fitted the inter-event interval of each recording using a Gaussian function. The 3-min duration of the control period was used for quantitative evaluation after the electrophysiological activity of the cells reached stability. All drug treatments lasted for 10 min, and the time window used for analysis was 5 min, after confirming drug activity. The washout time was 6 min, and the last 3-min recording was used for analysis. The average eEPSC amplitude, integral area, and duration under control conditions were normalized to 1.0 for visual presentation and reported as absolute values in the text. Data were analyzed using SPSS 26.0 software (IBM SPSS, Chicago, IL, USA) and are presented as mean ± standard error of the mean (SEM). GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) and Adobe Illustrator CC (Adobe Systems, San Jose, CA, USA) were used to generate graphics. Three-group comparisons were evaluated using one-way analysis of variance (ANOVA) with a post hoc least significant difference (LSD) test to determine intergroup differences. A paired or unpaired Student’s t-test was used for two-group comparisons. Statistical significance was set at p < 0.05.




Results


Mitral cells exhibited typical spontaneous burst firings and long-lasting excitatory depolarized currents

Mitral cells, as one of the major neurons projecting to the piriform cortex, receive excitatory inputs from OSNs and ETCs, and inhibitory regulation from interneurons, including PG and GCs (Figure 1A). We first explored the electrophysiological properties of MCs in cell-attached voltage-clamp configurations. Previous studies have shown that MCs exert spontaneously active and heterogeneous firing patterns that encode olfactory cues. In our study, most MCs displayed spontaneous and rhythmic burst firing patterns, however other firing characteristics were also present, such as regular and irregular firing (Figure 1B). Interestingly, when the cell membrane was broken through in the voltage-clamp mode at a holding potential of −60 mV, they always appeared waved and long-lasting depolarized currents, defined as sPSCs (also LLD) (Figure 1B). Previous studies have shown the sPSCs consist of both N-methyl-D-aspartate (NMDA) and non-NMDA receptor components, and the non-NMDA receptor regulates the initiation of sPSCs (Carlson et al., 2000). The sPSCs are generated by a multistep, diffuse mechanism in the distal portion of the apical dendrite (Schoppa and Westbrook, 2001; Gire et al., 2012). The sPSC amplitude (control: 84.97 ± 14.37 pA, Bic + Stry: 110.20 ± 14.32 pA, n = 5, p = 0.042) and integral area (control: 62.45 ± 19.66 nA⋅ms, Bic + Stry: 112.40 ± 16.48 nA⋅ms, n = 5, p = 0.008) were altered by inhibiting GABAA and glycine receptors, while the sPSC frequency remained unchanged in this study (n = 5, p = 0.150, Figures 1C,D). After applying a cocktail of excitatory and inhibitory synaptic blockers, sEPSC amplitude (Bic + Stry + APV: 79.31 ± 14.54 pA, Bic + Stry + APV + NBQX: 11.96 ± 7.35 pA, n = 5), integral area (Bic + Stry + APV: 22.42 ± 6.87 nA⋅ms, Bic + Stry + APV + NBQX: 2.55 ± 2.45 nA⋅ms, n = 5), and frequency (Bic + Stry + APV: 0.44 ± 0.09 Hz, Bic + Stry + APV + NBQX: 0.10 ± 0.07 Hz, n = 5) were drastically reduced (all p < 0.05, Figures 1B–E). Interestingly, the frequency of sEPSCs was significantly increased before and after antagonizing NMDA receptor (Bic + Stry: 0.21 ± 0.04 Hz, Bic + Stry + APV: 0.44 ± 0.09 Hz, n = 5, p = 0.022). Consistent with previous studies, our results demonstrate that MCs are mainly characterized by spontaneous rhythmic burst firing and long-lasting depolarized currents, which are mainly regulated by glutamate receptors involving NMDA and α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) receptors.
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FIGURE 1
Electrophysiological properties of mitral cells (MCs). (A) Basic representation of MC morphology and electrophysiological recording using the patch-clamp technique; olfactory sensory neuron (OSN, purple), external tufted cell (ETC, yellow), periglomerular cell (PG, red), and granule cell (GC, black). (B) Cell-attached recording of spontaneous burst firings (upper) and corresponding whole-cell recordings of spontaneous post-synaptic currents (sPSCs) in aCSF, Bic + Stry, Bic + Stry + APV, and Bic + Stry + APV + NBQX in the same MC. (C–E) sPSC amplitude, integral area, and frequency in aCSF, Bic + Stry, Bic + Stry + APV, and Bic + Stry + APV + NBQX. Elevated sPSC amplitude and integral area in the presence of Bic + Stry and inhibition of sPSC by APV and NBQX revealed that the excitatory inputs in MC are regulated by glutamate receptors involving NMDA and AMPA receptors. Error bars represent standard error; *p < 0.05, **p < 0.01; ns, not significant; one-way ANOVA with LSD post-hoc test.




Ammonium enhanced mitral cell excitatory activity by accelerating spontaneous firing rates

To explore the acute effect of NH4+ on MC spontaneous firings, we continuously recorded spontaneous action potentials for 10 min with a cell-attached configuration. To determine the appropriate concentration of NH4Cl solution in the study, we perfused 1, 3, 5, and 10 mM NH4Cl in the OB slices and observed its role in MCs spontaneous firings. We found that 3, 5, and 10 mM NH4Cl increased the frequency of spontaneous firings by 89.88% (n = 5, p = 0.003), 66.42% (n = 7, p < 0.001), and 116.75% (n = 7, p = 0.004) over the initial 3-min period, which then weakened as the NH4Cl application continued, and the amplitude of the depolarized and hyperpolarized action potential tended to decrease and even disappear (Figures 2A,B). In addition, application of 1 mM NH4Cl also increased the spike frequency by 22.39% (n = 5, p = 0.015) but did not change the amplitude of action potentials. We also observed that high concentrations (e.g., 5 and 10 mM) of NH4Cl induced an increment regarding spontaneous firing rates was not much higher than 3 mM NH4Cl. Moreover, the percentage of cells with disappearing spikes, were positively associated with the increasing concentrations of NH4Cl (0/5 cells in 1 mM NH4Cl, 5/10 cells in 3 mM NH4Cl, 4/7 cells in 5 mM NH4Cl, and 7/7 cells in 10 mM NH4Cl). However, these concentrations of NH4Cl mentioned above, are higher than the concentration of NH4Cl in patients with HE (311 ± 67 μmol/L), and 3 mM NH4Cl was an appropriate concentration to explore its acute neuronal excitotoxicity (Ong et al., 2003; Montes-Cortes et al., 2020). Moreover, we found the NH4+-induced frequency alteration occurred in a time-dependent manner: At first, the frequency was accelerated to approximately three times that of the control and then decreased to a relatively stable frequency with persistent NH4Cl application over 6 min at which the frequency was still higher than that in aCSF (n = 5, p < 0.001) (Figure 2C). Furthermore, to identify whether 3 mM NH4Cl could induce a same phenomenon by using HEPES-dialyzed pipette solution, we recorded the spike frequency and RMP in whole-cell current-clamp mode, finding the change of spike frequency is same with cell-attached recordings and a depolarized trend of RMP with a significant transient depolarization within 4-min NH4Cl (Supplementary Figure 1).
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FIGURE 2
Ammonium enhanced MC excitability by increasing spontaneous firing frequency. (A) A typical trace showing spontaneous discharges in a cell-attached recording of a MC in an acute OB slice, showing continuous changes in spike frequency and amplitude with 3 mM NH4Cl treatment. Insets below show the traces at 0, 2, 3, and 5 min (expanded from the dashed-line black boxes), as well as the superimposed spike waveforms at 0 (black) and 3 (red) min during NH4Cl treatment. (B) Fold change in spike frequency in MCs treated with aCSF and NH4Cl (1, 3, 5, and 10 mM) in cell-attached recordings. (C) Spike frequency of MCs in a cell-attached configuration within 6 min of perfusion with NH4Cl solution, showing increased MC excitability. (D) An example of spontaneous firing in the cell-attached mode from a MC in control (Ctrl, aCSF solution), 3 mM NH4Cl, and washing solution, respectively. (E) The relationship between the number of events and inter-event interval of spontaneous firings fitted by Gaussian equation before and after NH4Cl application, showing two components in the Ctrl (bin of the first and second component is 5 and 200 ms, respectively) and only one component in NH4Cl solution (bin: 5 ms). (F) The cumulative fraction of inter-event intervals before and after NH4+ application, showing much shorter mean intervals between events after NH4Cl application. (G) The mean frequencies of spontaneous firings before and after NH4Cl application, indicating a significant increase in the excitability of MCs by NH4Cl. Error bars represent standard error; *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; unpaired Student’s t-test and one-way ANOVA with LSD post-hoc test.


To clarify the effect of NH4+ on MC spike activity and whether the NH4+-induced effect could be reversed, we recorded spontaneous firing in control (aCSF) buffer for 5 min, NH4Cl solution for 10 min, and washing solution for 12 min. To analyze the spike frequency, we measured the inter-event interval of 3-min events in the control and NH4Cl groups and plotted the data as binned and cumulative frequency histograms (Figures 2D–F). MCs with typical burst firing (in the control) had two components in the fitted curve, the first component representing the inter-event interval of intra-burst firings and the second component showing the inter-burst interval (first component 34.53 ± 10.14 ms, 5-ms bins, second component 1,210 ± 610 ms, 200-ms bins; n = 5); following the NH4Cl treatment, the curve not only shifted toward zero but transformed into a single component (28.14 ± 6.94 ms, 5-ms bins; n = 5; Figure 2E), indicating elevated spike frequency. The left shift of the cumulative curve after NH4Cl application indicated a reduction in the mean inter-event interval (Figure 2F). The NH4+-induced excitation of MCs could be partially reversed by washing solution, but it took ∼10 min for the spike frequency to return to baseline (control: 6.26 ± 3.19 Hz, NH4Cl: 18.80 ± 3.65 Hz, Wash: 5.09 ± 1.54 Hz, n = 5, p = 0.011; Figure 2G). These results demonstrate that NH4+ can facilitate MC excitation by increasing spontaneous firing frequency, but the mechanisms behind the NH4+-induced reduction in spike amplitude remain to be explored.

To explore the potential mechanism of NH4+-induced effects on the frequency and amplitude of spontaneous firings, we conducted the electrophysiological recordings in the presence of APV + NBQX + Bic + Stry. In the experiment, the results showed that NH4+ temporarily decreased the amplitudes of inward (Iinward) and outward (Ioutward) currents of spontaneous action potentials and increased the spike frequency within 4-min of NH4Cl perfusion which may be due to the depolarized membrane potential initially, but the amplitudes of Iinward and Ioutward and the spike frequency gradually reversed to the baseline (in aCSF) 4-min after which was not consistent with those in the absence of post-synaptic receptors blockers (Supplementary Figures 2A–F). We further detected the effect of NH4+ on the raw currents of Nav (INa) and Kv (Ik) channels, showing that the amplitude of INa was decreased, and the number of INa events at −40 mV were increased by 4-min NH4Cl perfusion, and the changes were recovered at 8-min, while the amplitude of Ik were attenuated with 4- and 8-min treatment (Supplementary Figures 3A–D). Interestingly, we also found that the gradual depolarization of RMP by NH4+ matched with the increased frequency and decreased amplitude of spontaneous firings, indicating NH4+-induced changes of spontaneous firings may be attributed to the depolarized membrane potential (Supplementary Figures 2G,H). In the experiment, the membrane resistance remained unchanged during NH4Cl application (Ctrl: 194.80 ± 18.92 MΩ, NH4+: 195.30 ± 14.74 MΩ, n = 5, p = 0.904) (Supplementary Figures 2I,J). In summary, we consider NH4+-induced changes of spike frequency and amplitude are caused by depolarized membrane potential, but the membrane potential is depolarized transiently when blocking excitatory and inhibitory synaptic inputs, which indicates that overactivity of glutamate receptors but not inhibitory receptors might be the potential factor to aggravate membrane depolarization and evoke MC excitotoxicity because the reversal potential of chloride ion is close to the RMP in the study.



Ammonium increased the amplitude and integral area of spontaneous excitatory post-synaptic currents

Elevated levels of NH4+ in the brain can increase glutamine synthesis, which can be catalyzed by glutaminase and decomposed to glutamate. NH4+ exerts neurotoxicity by facilitating NMDA receptor activation and activating the Ca2+-NO-cGMP signaling pathway (Cauli et al., 2009). Spontaneous burst firing was mainly regulated by glutamate receptors in the OB and NH4+-induced increment of spike frequency could be prevented by synaptic blockers (Hayar et al., 2004; Nagayama et al., 2014). Therefore, we hypothesized that the activity of glutamate receptors was upregulated by NH4+ resulting in depolarized membrane potential and increased spontaneous MC firing.

NH4Cl increased the amplitude of sEPSCs to 168% that of the control, which was partially reversed by washing for 6 min (control: 84.54 ± 9.59 pA, NH4Cl: 175.40 ± 28.28 pA, wash: 148.60 ± 19.11 pA, n = 11, p = 0.012; Figures 3A,B). NH4Cl had a similar effect on sEPSC integral area (control: 66.86 ± 12.82 nA⋅ms, NH4Cl: 169.40 ± 35.23 nA⋅ms, wash: 139.90 ± 29.95 nA⋅ms, n = 9, p = 0.042; Figure 3C). In contrast, the sEPSC frequency was reduced from 0.31 ± 0.03 Hz to 0.22 ± 0.02 Hz by NH4Cl treatment, and could be reversed to 0.30 ± 0.03 Hz by washing (n = 10, p = 0.037; Figure 3D). These results indicate that NH4+ promotes MC neuronal excitability by increasing the amplitude and integral area of sEPSCs.
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FIGURE 3
Ammonium (NH4+) strengthened the excitatory synaptic activity of MCs by increasing sEPSC amplitude and integral area. (A) An example of sEPSCs recorded in the voltage-clamp mode in the presence of Bic (10 μM) and Stry (3 μM, Ctrl), indicating increased amplitude and integral area after NH4Cl application, which are partially reversed by the wash solution. (B–D) sEPSC amplitude, frequency, and integral area in Ctrl, NH4Cl, and wash solution, respectively. Error bars represent standard error; *p < 0.05, **p < 0.01; ns, not significant; one-way ANOVA with LSD post-hoc test.




Ammonium boosted mitral cell synaptic activity independently of glutamate release from pre-synaptic terminals

To determine the potential mechanism of the NH4+-induced increase of amplitude and integral area of sEPSCs, we recorded eEPSCs by stimulating the olfactory sensory nerves and examined whether NH4+ could facilitate glutamate release from pre-synaptic terminals. In this experiment, NH4+ substantially decreased the amplitude of eEPSCs to 46% that of the control during single-pulse stimuli with 20-s intervals (control: 202.20 ± 66.21 pA, NH4Cl: 93.61 ± 33.51 pA, wash: 287.30 ± 105.70 pA, n = 4, p = 0.003; Figures 4A–C), with no change observed in the integral area of eEPSCs (n = 4, p = 0.250). Washing recovered the amplitude of eEPSCs to an even greater extent than that of the control group (Figure 4B). To test whether the NH4+-induced reduction in pre-synaptic glutamate release was due to changes in pre-synaptic release probability, we analyzed the PPR (P2/P1). We found that the amplitudes of both the first and second eEPSCs were markedly attenuated by NH4Cl (35.79 ± 3.08% that of the control in first EPSCs, n = 7, p = 0.039; 36.04 ± 6.47% that of the control in second EPSCs, n = 5, p < 0.001), while the mean PPR was unchanged (n = 5, p = 0.826; Figures 4D–G). These results suggest that NH4+ suppresses glutamate release from pre-synaptic terminals without influencing the release probability, which does not explain the enhanced activity of sEPSCs induced by NH4+. Although we attempted to record miniature EPSCs (mEPSCs) and further confirm the above results, mEPSCs were particularly weak when perfusing 1 μM TTX.
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FIGURE 4
Ammonium (NH4+) reduced the pre-synaptic glutamate release in MCs without affecting pre-synaptic release probability. (A) Left panel showing MC recording of evoked EPSCs (eEPSCs) after stimulating OSN stubs with a bipolar electrode. Right panel showing eEPSCs from a MC by continuous single-pulse stimuli with 20 s intervals in Ctrl, NH4Cl, and wash solution, respectively, in the presence of Bic + Stry. (B–C) Fold change of eEPSC amplitude, and integral area in Ctrl, NH4Cl, and wash solution, respectively. (D) An example of eEPSCs recorded from a MC in Ctrl, NH4Cl, and wash solution, respectively. EPSCs were evoked by paired-pulse stimuli with an interval of 2,000 ms (determined by the slow recovery course of eEPSCs). (E–G) Pooled data showing fold changes of the first and second eEPSC amplitude and PPR (paired-pulse ratio, P2/P1) in Ctrl, NH4Cl, and wash solution, respectively. Error bars represent standard error; *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; one-way ANOVA with LSD post-hoc test.




Blocking glutamate re-uptake did not influence the ammonium-induced increase in excitatory synaptic activity

Ammonium can inhibit excitatory amino acid transporters (EAATs), which is likely one of the major factors influencing synaptic activity and neuronal excitation in a hyperammonemia model (Butterworth, 1993). Accordingly, we used TBOA to block EAATs in the OB and examined whether NH4+ could prevent intercellular glutamate re-uptake and, in so doing, promote overactivity of glutamate receptors. We recorded sEPSCs during the sequential application of control, NH4Cl, and NH4Cl + TBOA solutions (Figure 5A). The TBOA + NH4Cl treatment increased the amplitude (control: 96.70 ± 8.64 pA, NH4Cl: 196.90 ± 25.10 pA, NH4Cl + TBOA: 365.70 ± 42.72 pA, n = 11, p < 0.001) and integral area (control: 53.75 ± 10.78 nA⋅ms, NH4Cl: 142.30 ± 32.52 nA⋅ms, NH4Cl + TBOA: 1,067.00 ± 238.10 nA⋅ms, n = 11, p < 0.001) by 85.73 and 649.82% that of the NH4Cl only group, respectively (Figures 5B,C). In contrast, the sEPSCs frequency was reduced by TBOA (control: 0.33 ± 0.02 Hz, NH4Cl: 0.20 ± 0.02 Hz, NH4Cl + TBOA: 0.10 ± 0.01 Hz, n = 11, p < 0.001; Figure 5D). Moreover, we first blocked EAATs and then applied NH4Cl and found that the mean values of amplitude (control: 116.20 ± 14.41 pA, TBOA: 270.90 ± 45.06 pA, TBOA + NH4Cl: 331.50 ± 42.41 pA, n = 5, p = 0.004) and integral area (control: 67.09 ± 17.37 nA⋅ms, TBOA: 420.50 ± 153.70 nA⋅ms, TBOA + NH4Cl: 830.80 ± 325.60 nA⋅ms, n = 5, p = 0.069) of sEPSCs were also markedly increased by NH4+ though there were no significantly statistical difference of integral area and frequency between only TBOA and TBOA + NH4Cl with one way ANOVA analysis (Figures 5E–H). These results revealed that the activity of EAATs in the OB was not inhibited by NH4+ and that sEPSCs could still be enhanced by NH4+ when blocking EAATs. In other words, the enhanced excitatory post-synaptic events induced by NH4+ in MCs was not attributed to the suppression of glutamate uptake.
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FIGURE 5
Blockade of EAATs did not attenuate NH4+-induced potentiation of excitatory synaptic activity. (A) Representative traces showing sEPSCs recorded in a voltage-clamp configuration in the presence of Bic + Stry, showing the changes in sEPSC amplitude and integral area in Ctrl, NH4Cl, and NH4Cl + TBOA (30 μM), respectively. (B–D) sEPSC amplitude, integral area, and frequency in sequential treatments with Ctrl, NH4Cl, and NH4Cl + TBOA. (E) Typical sEPSC traces from a MC in sequential treatments of Ctrl, TBOA, and TBOA + NH4Cl. (F–H) Post hoc analysis of sEPSC amplitude, integral area, and frequency in Ctrl, TBOA, and TBOA + NH4Cl, respectively. Error bars represent standard error; *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; one-way ANOVA with LSD post-hoc test.




Ammonium enhanced the trafficking of glutamate receptors to the cytoplasmic membrane

We hypothesized that NH4+ might increase the expression of glutamate receptors to potentiate excitatory synaptic transmission in MCs. We employed TAT-NSF700, an N-ethylmaleimide-sensitive factor (NSF) inhibitor fusion polypeptide that can permeate the cell membrane and interact with intracellular organelles, preventing vesicles from transporting intracellular proteins to the cytoplasmic membrane (Calvert et al., 2007). Pre-treatment of the OB slices with TAT-NSF700 for 30 min effectively alleviated the spontaneous excitatory synaptic activity induced by NH4+ (Figure 6A); NH4+ did not change the amplitude, integral area, or frequency of sEPSCs (amplitude: n = 8, p = 0.052; integral area: n = 8, p = 0.225; frequency: n = 8, p = 0.163; Figures 6B–D). This suggests that NH4+ increased the active recruitment of glutamate receptors from the cytosolic pool to the membrane.
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FIGURE 6
Blocking of exocytosis with TAT-NSF700 or blocking dynamin-dependent endocytosis changes the effect of NH4+ on the excitability of MCs. (A) Example traces of sEPSCs from a MC in the presence of Bic + Stry, showing that the sEPSC amplitude, integral area, and frequency were unchanged by NH4Cl after OB slices were pre-treated with TAT-NSF700 (5 μM, 30 min), a permeable thrombin-induced exocytosis inhibitor. (B–D) Post hoc statistical analysis of sEPSC amplitude, integral area, and frequency in Ctrl and NH4Cl solution after OB slices were pre-incubated with TAT-NSF700. (E) Typical sEPSC recordings from a MC in Ctrl (Bic + Stry in aCSF) and Ctrl + NH4Cl buffer with OB slices pre-incubated with dynasore (40 μM, 30 min), an inhibitor for dynamin-dependent endocytosis. NH4Cl effectively augmented sEPSC amplitude and integral area. (F–H) Mean sEPSC amplitude, integral area, and frequency in Ctrl (Bic + Stry in aCSF) and NH4Cl solution in OB slices pre-incubated with dynasore. (I) Representative western blotting images of NR1, GluR1 and Na/K-ATPase from OB in the treatment of aCSF (Ctrl) and NH4Cl, respectively. (J) Qualification of intensity of NR1 and GluR1 normalized to Ctrl (aCSF). Error bars represent standard error; *p < 0.05, **p < 0.01; ns, not significant; paired Student’s t-test, unpaired Student’s t-test.


Alternatively, slowed endocytosis of membrane glutamate receptors may also increase sEPSC activity. To explore this, we pre-incubated OB slices with 40 μM dynasore–a dynamin inhibitor that can block the internalization of membrane proteins–and found that NH4+ still increased the amplitude (control: 162.80 ± 32.85 pA, NH4Cl: 264.40 ± 21.91 pA, n = 5, p = 0.004) and integral area (control: 133.10 ± 5.90 nA⋅ms, NH4Cl 182.90 ± 10.46 nA⋅ms, n = 5, p = 0.033) of sEPSCs by 62.41 and 37.42% that of the control group, respectively (Figures 6E–G). The frequency of sEPSCs was not affected by NH4+ (n = 5, p = 0.955) (Figure 6H). Interestingly, blocking the endocytosis of glutamate receptors with dynasore pre-treatment effectively increased NH4+-induced excitatory synaptic activity (amplitude: NH4+:175.4 ± 28.28 pA, NH4Cl with dynasore: 264.40 ± 21.91 pA, p < 0.001; integral area: NH4Cl: 169.40 ± 35.23 nA⋅ms, NH4Cl with dynasore: 182.90 ± 10.46 nA⋅ms, p = 0.039). These results demonstrate that when endocytosis is blocked, NH4+ can promote the accumulation of glutamate receptors on cell membrane as well as the recruitment of intracellular pool to the cell membrane, thereby synergistically enhancing excitability.

To directly demonstrate whether NH4+ can increase the recruitment of glutamate receptors to cell membrane surface, we carried out western blotting analysis of glutamate receptor subunits on cell membrane fractions after OB slices were treated with NH4Cl solution. Considering that NR1 and GluR1 are the basic subunits of NMDA and AMPA receptor, respectively, we tested the expression of NR1 and GluR1, with Na/K-ATPase as the internal reference. The immunoblotting analysis revealed that NH4+ significantly elevated the level of NR1 and GluR1 without affecting Na/K-ATPase expression on cytoplasmic membrane (NR1: elevated 1.71 ± 0.20-fold in NH4+, n = 5, p = 0.007; GluR1: elevated 1.93 ± 0.32-fold in NH4+, n = 4, p = 0.027) (Figures 6I,J). These results further demonstrated that NH4+ elevates the expression of glutamate receptors, resulting in enhanced MC excitability through promoting the recruitment of glutamate receptors to cytoplasmic membrane.



Upregulation of glutamate receptors induced by ammonium exacerbated cell death

To assess the effect of the upregulated membrane expression of glutamate receptors on cell viability, we assessed the neurotoxicity induced by NH4+ using a cell death assay. OB slices were pre-treated with control and NH4+ for 1 h, and then calcein-AM/PI co-staining was applied to quantify the ratio of dead/live cells. NH4+ increased the dead/live ratio from 1.97 ± 0.16 to 4.26 ± 0.22 that of the control (nine images from three slices, p < 0.001), while APV + NBQX, TAT-NSF700, and BAPTA-AM effectively attenuated NH4+-induced cell death (NH4Cl: 4.26 ± 0.22, APV + NBQX + NH4Cl: 2.47 ± 0.18, TAT-NSF700 + NH4Cl: 2.41 ± 0.16, BAPTA-AM + NH4Cl: 2.27 ± 0.29, p < 0.001; Figures 7A,B). Interestingly, BAPTA-AM pre-treatment remarkably mitigated the NH4+-induced cell death (NH4Cl: 4.26 ± 0.22, BAPTA-AM + NH4Cl: 2.27 ± 0.29, p < 0.001, Figures 7A,B). These results indicate that NH4+ can aggravate cell death, and buffering calcium can suppress the NH4+-induced neurotoxicity.
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FIGURE 7
Ammonium (NH4+)-induced overactivation of glutamate receptors exacerbated MCs death. (A) Representative images of live (calcein-AM, Green) and dead cells (PI, Red), and overlay of fluorescence labeling under different experimental conditions with treatment of Ctrl, NH4Cl, APV + NBQX, APV + NBQX + NH4Cl, TAT-NSF700, TAT-NSF700 + NH4Cl, BAPTA-AM, and BAPTA-AM + NH4Cl for 1 h. (B) Ratio of dead (PI labeling) to live (calcein labeling) cells for all experiments. Error bars represent standard error; ***p < 0.001; ns, not significant; unpaired Student’s t-test.





Discussion

Growing evidence demonstrates that patients with liver diseases, especially those with HE, develop a poor olfactory ability to detect and identify odors (Temmel et al., 2005; Zucco et al., 2006). In these patients, serious liver dysfunction can lead to cognitive and motor impairment, coma, and death owing to the accumulation of many metabolic byproducts, among which NH4+ is a key contributor to cerebral dysfunction (Jayakumar and Norenberg, 2018). The present study provides evidence for NH4+-induced excitotoxicity of MCs through the enhanced activity of glutamate receptors, revealing the potential mechanism of olfactory impairment in patients with HE.

In the olfactory system, MCs are characterized by burst firing patterns in complex neuronal circuits with neighboring cells (Nagayama et al., 2014). MC has a primary dendrite that forms a highly branched tufts within a single glomerulus, where these tufts receive a multistep signaling input forming glomerulus-specific slow and synchronized bursts or LLD (Gire et al., 2012). These signals include glutamatergic inputs from OSN axons and ETC dendrites, glutamate spillover and lateral excitation between MC-MC/MC-TC dendrodendritic connections, metabolic glutamate receptors, and electrical coupling between dendrites (Nicoll and Jahr, 1982; Isaacson and Strowbridge, 1998; Margrie et al., 2001; De Saint Jan et al., 2009; Gire and Schoppa, 2009; Moran et al., 2021). The initiation of a LLD driven by a glomerulus-specific network, is mainly mediated by AMPA receptors, and NMDA receptors modulate the amplitude and duration of the LLD (Carlson et al., 2000). Our observation that blocking the NMDA receptors results in an increased frequency, which may be attributed to the fast activation and desensitization kinetics of AMPA receptors (Figure 1B).

Interestingly, we also found that 3 mM NH4Cl induced significant changes of spontaneous firings in MCs, showing increased frequency and decreased amplitude of spontaneous firings, whereas the increased frequency and decreased amplitude demonstrated to be transient and then recovered after blocking excitatory and inhibitory synaptic inputs. This phenomenon indicates that the enhanced activity of glutamate receptors by NH4+ plays an essential role in the continuous decrease of spike amplitude, as evidenced by the fact that activation of glutamate receptors in MCs can evoke a long-lasting membrane depolarization (Carlson et al., 2000). Furthermore, Nav and Kv channels are critical for spike initiation, propagation, and firing patterns in central neurons (Catterall et al., 2005; Bean, 2007). Lazarenko et al. has shown NH4+ depolarized neuronal membrane potential, probably by influencing Na+-sensitive background sodium leak channel NALCN (Lu et al., 2007; Lazarenko et al., 2017). NH4Cl has been found to be one of the agonists of acid-sensitive ion channels, and may activate the channels contributing to the formation of the transient depolarization of membrane potential (Pidoplichko and Dani, 2006). In our study, transient membrane depolarization and the concurrent suppression of Nav and Kv currents by NH4+, jointly lead to the amplitude attenuation during the initial NH4+ application. In addition, previous studies have shown NH4+ induced the decreased K+ conductance and the elevation of extracellular K+ which led to membrane depolarization (Allert et al., 1998; Rangroo Thrane et al., 2013). Except for the effect of glutamate receptors, the sustaining attenuation of Kv currents by NH4+ may be a necessary factor to depolarize membrane potential, resulting in progressive attenuation of amplitude in spontaneous firings.

In our study, we found that acute hyperammonemia can elevate the amplitude and integral area of sEPSCs in MCs, leading to neuronal hyperexcitability and neurotoxicity in OB slices, but the potential mechanism remains to be discussed. At first, olfactory sensory nerves in the superficial OB form monosynaptic connection to the apical dendrite tufts of MCs and the ETCs action potentials mediate the feedforward excitation of MCs in the specific glomerulus (Chen et al., 1997; Hayar et al., 2004; De Saint Jan et al., 2009). In our study, suprathreshold intensity stimulation of OSN stubs did not increase the eEPSC activity in the treatment of NH4Cl, indicating the OSN-MC and OSN-ETC-MC synaptic transmission did not play an essential role in NH4+-induced enhancement of sEPSCs. On the contrary, the pre-synaptic glutamate release was inhibited, consistently with the results of a previous study (Szerb and Butterworth, 1992). Second, it has been shown that ammonia facilitates the synthesis of glutamate and increase the accumulation of extracellular glutamate, which might boost the glutamate spillover and lateral excitation between MC-MC/MC-TC dendrodendritic synapses in the glomeruli (Nicoll and Jahr, 1982; Aroniadou-Anderjaska et al., 1999; Cauli et al., 2009; Cabrera-Pastor et al., 2019). We excluded this possibility because the amplitude and integral area of sEPSCs were still enlarged by NH4+ after we blocked the uptake of glutamate with TBOA. Third, previous studies have revealed NH4+ plays a crucial role in triggering neuronal overexcitability by altering glutamate receptor expression in the central nervous system in acute and chronic hyperammonemia (Kosenkov et al., 2018; Sancho-Alonso et al., 2022). However, different results have been reported for glutamate receptor expression in the hippocampus and cerebellum of hyperammonemia rats. Some studies found that chronic hyperammonemia can elevate the membrane expression of NMDA receptors, and alter the expression of AMPA receptor subunits in the hippocampus (Cabrera-Pastor et al., 2016; Hernandez-Rabaza et al., 2016; Kosenkov et al., 2018). However, others found that ammonia reduces MK801 binding to NMDA receptors and the surface expression of the NR1 and NR2A subunits in ammonia-treated cerebellar neurons (Rao et al., 1991; Sanchez-Perez and Felipo, 2006). The C1 domain of NR1 has three serine residues (890, 896, and 897), whose phosphorylation has been implicated in modulating NMDA receptor trafficking and clustering (Llansola et al., 2005). The ammonia-induced increase in phosphorylation of these three serine residues is associated with the expression of NMDA receptors, but the potential mechanism is unclear. In our study, we demonstrated that NH4+ can dynamically regulate the recycling and trafficking of glutamate receptors and increase their expressions on the membrane in MCs. This process might be due to NH4+-activated Ca2+-dependent post-translational modifications of glutamate receptors on the membrane and/or the recruitment of a pre-existing pool of glutamate receptors.

We acknowledge some limitations to our study. For example, we did not identify the effect of NH4+ on the neurotransmission of MCs in a glutamate receptor-knockout mouse model. Our study was performed using in vitro acute OB slices, which revealed the cellular mechanism of NH4+ toxicity in the olfactory system; however, it did not consider pathological activity or the influence of NH4+ on olfactory function in an in vivo model.

In conclusion, we investigated the potential mechanisms underlying MC excitotoxicity in an in vitro model of acute hyperammonemia. We found that NH4+ increases spontaneous firing frequency and deceases the amplitude through the joint effects of enhanced glutamate receptor activity and reduced Kv currents. The results also demonstrated enhanced glutamate receptor activity by increasing the recruitment of glutamate receptors on the MC cytoplasmic membrane, contributing to cell overexcitability and neurotoxicity. This study implicates a potential pathological mechanism of olfactory defects in patients with hyperammonemia and HE, and glutamate receptors and their trafficking as potential molecular and cellular targets for protection and intervention against NH4+-induced neurotoxicity.
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Supplementary Figure 1
NH4+ increased MCs excitability in whole-cell current-clamp mode. (A) A recording of spontaneous firings in whole-cell current-clamp mode. (B,C) Pooled data showing the time course of resting membrane potential (RMP) and spike frequency during the 6-min application of NH4Cl. Error bars represent standard error; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with LSD post hoc test.

Supplementary Figure 2
NH4+ regulated MCs intrinsic excitability transiently. (A) Spontaneous firings in the presence of APV + NBQX + Bic + Stry (Ctrl, 1 min) and NH4 Cl + APV + NBQX + Bic + Stry(NH4Cl, 8 min) in cell-attached mode. (B) Spontaneous firings during 0, 2, 4 and 6 min NH4Cl application. (C–E) Scatter plots showing the amplitudes of inward current (Iinward), outward current (Ioutward) and the ratio of Iinward to Ioutward in spontaneous action potentials during the time course of NH4Cl application. (F) Mean frequency during the time course of NH4Cl application. (G) Whole-cell current-clamp recording of spontaneous action potentials with the injection current of 0 pA in the presence of APV + NBQX + Bic + Stry (Ctrl) and NH4Cl + APV + NBQX + Bic + Stry (NH4Cl). (H) Statistical curve showing the time course of RMP during the application of NH4Cl. (I) The representative recording when injecting 10 pA current in current-clamp at a membrane potential of −60 mV before (Ctrl) and after NH4Cl in the presence of APV + NBQX + Bic + Stry. (J) Histogram showing Rm before (Ctrl) and after NH4Cl treatment from I, calculated using the function of τ = RmCm, where τ is the time constant and Cm is the membrane capacitance. Error bars represent standard error; *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; one-way ANOVA with LSD post hoc test, paired Student’s t-test.

Supplementary Figure 3
NH4+-induced changes of voltage-gated sodium and potassium currents. (A) Raw electrophysiological traces showing inward currents (Na+ current, INa) and outward currents (K+ current, Ik) in Ctrl, 4-min and 8-min NH4Cl. The protocol was performed by injecting step voltages from −70 mV to 40 mV with the increment of 10 mV at the holding potential of −70 mV in the presence of a cocktail of postsynaptic receptors blockers. Right panel representing the expanded INa in left panel. (B,C) Voltage-current relationship of INa and Ik in Ctrl, 4-min and 8-min NH4Cl. (D) The number of activated INa events when injecting the voltage of −40 mVin Ctrl, 4-min and 8-min NH4Cl. Error bars represent standard error; *p < 0.05, ***p < 0.001; one-way ANOVA with LSD post hoc test.
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Neurodegenerative disorders have been extremely challenging to treat with traditional drug-based approaches and curative therapies are lacking. Given continued progress in stem cell technologies, cell replacement strategies have emerged as concrete and potentially viable therapeutic options. In this review, we cover advances in methods used to differentiate human pluripotent stem cells into several highly specialized types of neurons, including cholinergic, dopaminergic, and motor neurons, and the potential clinical applications of stem cell-derived neurons for common neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, ataxia, and amyotrophic lateral sclerosis. Additionally, we summarize cellular differentiation techniques for generating glial cell populations, including oligodendrocytes and microglia, and their conceivable translational roles in supporting neural function. Clinical trials of specific cell replacement therapies in the nervous system are already underway, and several attractive avenues in regenerative medicine warrant further investigation.
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Introduction

Age—it’s the one mountain you can’t overcome, and as the average life expectancy extends into the eighth decade, neurodegenerative diseases are becoming increasingly prevalent. Despite their increasing incidence, preventative or disease-modifying strategies for these emotionally and financially draining disorders are lacking. Due to the fundamental lack of regeneration within the central nervous system (CNS), neurodegenerative diseases relentlessly attacking discrete populations of neurons are excellent candidates for cell replacement therapies. Here, we review the current prospects on the application of pluripotent stem cell-derived cell types for the treatment of neurodegenerative disease.

Pluripotent stem cells provide a uniquely scalable source of functional somatic cells, including cells of the CNS, that can potentially replace damaged or diseased tissues. Although prospects for using stem cell derivatives seemed fanciful at the start of the millennium, approximately two decades later several clinical trials using cellular products of pluripotent stem cells are underway or about to reach the clinic (Gage and Temple, 2013; Kimbrel and Lanza, 2015; Steinbeck and Studer, 2015; Trounson and DeWitt, 2016). This progress has been facilitated through the development of robust methods for converting human pluripotent stem cells into the specific cell types that are lost in disease. Most techniques are based on fundamental principles learned from developmental biology and aim to recapitulate cell fate determination pathways in the culture dish, and these methods have been thoroughly reviewed elsewhere (Tao and Zhang, 2016). More recently, exogenous over-expression of transcription factors (TFs) has provided an alternative route to directed differentiation methodologies for generating specific classes of neurons. When appropriate, we will highlight both approaches that advance the field toward producing defined cellular populations, which are the ideal candidate for cell replacement therapies.

In this review, we summarize recent progress toward generating specific cell types from human pluripotent stem cells for regenerative medicine. The examples described herein are not intended to be all-inclusive, and readers are encouraged to examine other reviews on the clinical development of stem cell-based therapies (Gage and Temple, 2013; Kimbrel and Lanza, 2015; Steinbeck and Studer, 2015; Trounson and DeWitt, 2016). Rather, we focus on recent biotechnological advances in the derivation of human cells and their application as cell therapies in the field of neurodegeneration (Table 1). These selected studies illustrate the biological concepts, experimental approaches, and therapeutic possibilities of in vitro stem cell-derived cells of the neural (Figure 1) and glial (Figure 2) lineages. We conclude our review with a discussion of emerging technologies in the field, current limitations, and remaining challenges for regenerative medicine in translational neurosciences.


TABLE 1    Common neurodegenerative diseases characterized by selective vulnerability.
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FIGURE 1
Pluripotent stem cell differentiation strategies for producing vulnerable neuronal cell types. Basal forebrain cholinergic: diff. 1–4 Bissonnette et al., 2011; Liu et al., 2013a,b; Hu et al., 2016; transpl. 2 Liu et al., 2013a. Cortical glutamatergic: diff. 5–9 Espuny-Camacho et al., 2013; Zhang et al., 2013; Cao et al., 2017; Qi et al., 2017; Nehme et al., 2018; transpl. 5–7, 10 Espuny-Camacho et al., 2013; Zhang et al., 2013; Espuny-Camacho et al., 2017; Qi et al., 2017. GABAergic inhibitory: diff. 11–15 Maroof et al., 2013; Nicholas et al., 2013; Chanda et al., 2014; Sun et al., 2016; Yuan et al., 2018; transpl. 16–17 Cunningham et al., 2014; Anderson et al., 2018. Dopaminergic: diff. 18–22 Cai et al., 2009; Caiazzo et al., 2011; Kriks et al., 2011; Pfisterer et al., 2011; Kim et al., 2021; transpl. 23–25 Grealish et al., 2014; Kikuchi et al., 2017; Wakeman et al., 2017. Medium Spiny: diff. 26–29 Aubry et al., 2008; Berkowitz et al., 2016; Ma et al., 2012; Victor et al., 2014; transpl. 26, 27, 29 Aubry et al., 2008; Berkowitz et al., 2016; Victor et al., 2014. Hypothalamic: diff. 30–33 Merkle et al., 2015; Wang et al., 2015b; Kirwan et al., 2017; Rajamani et al., 2018; transpl. 30 Merkle et al., 2015. Hippocampal: diff. 34–36 Yu et al., 2014; Sakaguchi et al., 2015; Hiragi et al., 2017; transpl. 34 Yu et al., 2014. Serotonergic: diff. 37–39 Lu et al., 2016; Vadodaria et al., 2016; Xu et al., 2016; transpl. 40 Carlsson et al., 2009. Purkinje: diff. 41–45 Muguruma et al., 2015; Wang et al., 2015a; Ishida et al., 2016; Watson et al., 2018; Silva et al., 2020; transpl. 46 Higuera et al., 2017. Motor: diff. 47–55 Amoroso et al., 2013; Hester et al., 2011; Son et al., 2011; Du et al., 2015; Lippmann et al., 2015; Maury et al., 2015; Goto et al., 2017; Klim et al., 2019; Limone et al., 2022; transpl. 55–56 Yohn et al., 2008; Corti et al., 2012.



[image: image]

FIGURE 2
Pluripotent stem cell differentiation strategies for producing glial cells. Astrocytes: diff. 1–8 Krencik and Zhang, 2011; Shaltouki et al., 2013; Tcw et al., 2017; Canals et al., 2018; Li et al., 2018; Tchieu et al., 2019; Barbar et al., 2020; transpl. 9–11 Lepore et al., 2008; Song et al., 2017; Baloh et al., 2022. Oligodendrocytes: diff. 12–17 Wang et al., 2013; Douvaras et al., 2014; Douvaras and Fossati, 2015; Ehrlich et al., 2017; García-León et al., 2018; Marton et al., 2019; transpl. 12, 14, 18–19 Wang et al., 2013; Douvaras et al., 2014; Thiruvalluvan et al., 2016; Windrem et al., 2020. Microglia: diff. 20–28 Muffat et al., 2016; Abud et al., 2017; Douvaras et al., 2017; Haenseler et al., 2017; Pandya et al., 2017; Takata et al., 2017; Chen et al., 2021; Limone et al., 2021; Dolan et al., 2022; transpl. 29–30 Svoboda et al., 2019; Xu et al., 2020.




Parkinson’s disease

Parkinson’s disease (PD) is characterized by the degeneration of several neuronal subtypes, most notably the dopaminergic neurons of the substantia nigra pars compacta (SNpc), located in the ventral midbrain. These neurons project to the dorsal striatum of the basal ganglia and function in motor control, and the loss of these neurons contributes to the movement symptoms observed in the initial stages of PD. Fetal-derived dopamine neurons have had promising clinical benefits for PD patients (Hallett et al., 2014). To avoid the ethical and logistical issues associated with fetal tissue transplants, the application of pluripotent stem cells to generate dopaminergic neurons has been a long-standing goal. Indeed, translational research to bring these specific neurons to the clinic has far exceeded the other cell replacement strategies discussed here and recent advances have extensively been discussed elsewhere (Barker et al., 2017; Kim et al., 2020). In this section we will provide a summary of the most relevant discoveries that led to the first transplantation studies with hiPSC-derived cells that established a road map for the field.


Dopaminergic neurons

From the initial basic science studies that furnished the directed differentiation strategies of dopaminergic neurons to their large-scale production in GMP-facilities for transplantation studies, the research program for midbrain dopamine neurons has made excellent progress. Several groups developed methods to produce FOXA2/LMX1A-positive midbrain neurons capable of releasing dopamine (Arenas et al., 2015). For example, the Studer group has developed a highly efficient protocol for producing these neurons by combining dual-SMAD inhibition with activation of SHH and FGF8 signaling. The critical step in midbrain specification is the strong activation of WNT signaling achieved using a GSK3β inhibitor (Kriks et al., 2011; Kim et al., 2021). Transcription factors, such as LMX1A, can also be used to enhance directed differentiation approaches (Cai et al., 2009), or for the direct reprogramming of fibroblasts into dopaminergic neurons (Caiazzo et al., 2011; Pfisterer et al., 2011), and combined with cell sorting methods to further enrich for midbrain dopaminergic neurons (Arenas et al., 2015). Preclinical studies demonstrate that human iPS cell-derived dopaminergic neurons are safe and efficacious in both rodent and primate PD models (Kikuchi et al., 2017; Wakeman et al., 2017) with similar efficacy to fetal-derived tissue (Grealish et al., 2014). A number of clinical trials with stem cell-based therapies are currently being planned with their details summarized at a recent consortium meeting (Barker et al., 2017). Although PD patients receiving the stem cell-derived dopaminergic neurons will likely show improvements in movement symptoms, their additional symptoms, including depression, fatigue, visual hallucinations, and sleep disturbances, might persist due to continued degeneration of other neuronal types. This has led to some to propose serotonergic neurons (Lu et al., 2016; Vadodaria et al., 2016; Xu et al., 2016) as an additive cellular therapy for PD (Politis and Loane, 2011). A delicate balance must be struck between dopaminergic and serotonergic neurons, however, as fetal grafts with high levels of serotonergic neurons have been associated with graft-induced dyskinesias in parkinsonian rats (Carlsson et al., 2009).




Dementia

Neurological conditions involving both memory loss and impaired judgment are classified as dementia (Yue and Jing, 2015). Alzheimer’s disease (AD) is the most common type of dementia in individuals older than 65 years old and the most prevalent neurodegenerative disease (Table 1). The incidence of AD dramatically increases with age, and with the aging US population, it is estimated that approximately 14 million individuals will be affected by 2050. AD often first manifests clinically as impairments with short-term memory, and later affects behavior and language. Current treatments are aimed at ameliorating these symptoms without substantially affecting disease course. Cognitive decline is associated with progressive degeneration of neurons in the limbic system (especially the hippocampus and connected entorhinal cortex), the basal forebrain, and neocortical areas. Histologically, patient brains are characterized by the accumulation of extracellular beta-amyloid depositions and intracellular tau-positive neurofibrillary tangles as well as neuritic plaques that contain both tau within dystrophic neurites and beta-amyloid. Neuropathological studies strongly suggest that AD has well-defined and consistent spatiotemporal pattern of neurofibrillary degeneration, in most cases, that begins in the entorhinal cortex and spreads to pyramidal neurons in the hippocampus and then neocortical areas, with association areas affected sooner and more severely. Currently, there is no effective therapy to block the progression of AD making it a major looming public heath challenge.


Basal forebrain cholinergic neurons

One of the earliest cell types perturbed by AD is the basal forebrain cholinergic neuron (BFCN). These neurons, which arise from the median ganglionic eminence (MGE) during development, are responsible for various aspects of cognition including learning, memory, and attention. At the molecular level, BFCNs are primary cholinergic neurons and innervate the cerebral cortex, hippocampus, and amygdala, and play critical roles in processing information related to cognitive function (Martinez et al., 2021). Transplantation of fetal cholinergic tissue from rats into the cortex of lesioned primates has been shown to restore memory deficits suggesting a potentially therapeutic roles for these cells (Ridley et al., 1994).

Several methods to differentiate pluripotent stem cells into BFCNs have been described (Bissonnette et al., 2011; Liu et al., 2013a,b; Hu et al., 2016). Typically, first forebrain neural progenitors are obtained and then treated with a SHH agonist and FGF8 to coax the cells into expressing the transcription factors Nkx2.1, consistent with a ventral medial ganglionic eminence (MGE) neural progenitor identity. Subsequent culture of these progenitor cells on glia or treatment with BMP9 then yields a mixture of neurons containing BFCNs (Bissonnette et al., 2011; Liu et al., 2013a,b; Hu et al., 2016). Alternatively, overexpression of the transcription factors Lhx8 and Gbx1 can convert the progenitors into BFCNs (Bissonnette et al., 2011). Cells produced using these methods express markers consistent with a cholinergic identity and exhibit expected electrophysiological profiles. In one study, MGE-progenitor cells transplanted into mouse brains differentiated into neurons, including BFCNs, and formed synaptic connections (Liu et al., 2013a). More importantly, injection of these precursor cells led to learning and memory improvements in lesioned mice (Liu et al., 2013a). Whether these improvements were the specific result of the BFCNs or other cell types remains to be determined but this study provides an important proof-of-principle for the use of stem cell-based therapy to improve cognition.



Cortical glutamatergic pyramidal neurons

Cerebral cortex development consists of three major processes: cell proliferation, neuronal migration, and cortical organization into multiple well-defined layers. The cerebral cortex contains two major classes of neurons; a majority population of excitatory glutamatergic projections neurons that arise during development from the dorsal telencephalon, which is the developmental precursor to the cerebral cortex, and a minor population of inhibitory interneurons. Through successive waves of neurogenesis, these neurons generate the six layers of the neocortex, which can be further functionally divided based on specific patterns of axonal output and dendritic input. Due to their abundance and ability to project long distances, cortical pyramidal neurons, named for their shape, are able to integrate and send information across the entire nervous system (Bekkers, 2011).

The production of pyramidal neurons from pluripotent stem cells is considered to be a default differentiation fate because it occurs in the absence of exogenous signaling factors (Espuny-Camacho et al., 2013). Inhibiting certain signaling pathways, however, can enhance the yield of cortical glutamatergic neurons by suppressing the emergence of inhibitory interneurons (Cao et al., 2017). More recently, accelerated methods for generating cortical neurons have been reported. One method relies on a cocktail of molecules to both pattern the cells to dorsal forebrain lineage and then inhibit neural stem cell self-renewal to drive neurogenesis, which preliminary data suggests can be timed to achieve the production of neurons of different cortical layers (Qi et al., 2017). Forced expression of the transcription factor Ngn2 in stem cells further accelerates the differentiation to yield very pure populations of glutamatergic neurons (Zhang et al., 2013) that can be enhanced with the addition of developmental cues (Nehme et al., 2018). Transcriptional studies suggest this method favors the production of upper layer neurons, therefore additional methods to achieve the full diversity of cortical layers may still be necessary. After injecting into the postnatal mouse brain, human cortical neurons generated using the methodologies described above displayed proper, long-distance projection patterns and integrated functionally within the host’s circuitry (Espuny-Camacho et al., 2013; Zhang et al., 2013; Qi et al., 2017). Whether they can ameliorate disease phenotypes in animal models remains an unanswered question, but neurons transplanted into a murine AD model display pathological hallmarks of the disease including altered tau biochemistry (Espuny-Camacho et al., 2017).



GABAergic inhibitory neurons

In both the brain and spinal cord, gamma-aminobutyric acid (GABA)-releasing interneurons are the major class of inhibitory neurons and play crucial roles in modulating neural circuits. There are many distinct subtypes of interneurons that differ in their synaptic connections, expression of neuropeptides, neurotransmitter machinery, and developmental origin with some immature interneurons having the remarkable ability to migrate and disperse long distances to integrate throughout the CNS (Southwell et al., 2014). This integrative property makes interneurons a promising candidate for cell replacement therapies.

Several groups have developed directed differentiation approaches for producing interneurons from human pluripotent stem cells (Liu et al., 2013b; Maroof et al., 2013; Nicholas et al., 2013). These approaches typically inhibit both branches of SMAD signaling as well as WNT signaling using small molecules to achieve robust forebrain induction into cells resembling the MGE, as suggested by expression of the transcription factor Nkx2.1. Careful timing of SHH activation then allows for induction of ventral cell fate in these progenitor cells that develop into GABAergic interneurons as opposed to basal forebrain cholinergic neurons (Liu et al., 2013b). In addition to directed differentiation approaches, transcription factor-mediated inductions of interneurons from stem cells have also been described (Chanda et al., 2014; Sun et al., 2016; Yuan et al., 2018). Minimally, transient expression of ASCL1 and DLX2 can convert stem cells into GABAergic interneurons. When injected into the mouse brain, these cells, migrated, integrated, and matured into a variety of interneuronal subtypes, including expression of the mature subtype markers parvalbumin or somatostatin. Further studies, such as single-cell transcriptomic approaches, are needed to characterize the full repertoire of subtypes of interneurons that can be obtained from pluripotent stem cells. Impressive studies have gone on to show that transplanted interneurons were capable of improving memory (Anderson et al., 2018) and in some cases suppressing seizures and abnormal behaviors in an epileptic mouse model (Cunningham et al., 2014). Based on these promising studies, one biotech company, Neurona Therapeutics, is pioneering the clinical uses for interneuron-based cell therapies for epilepsy and neuropathic pain.



Hippocampal neurons

Composed of granule and pyramidal neurons, the hippocampus plays a critical role in learning and memory. It is also an area of the brain that deteriorates in AD, additional forms of dementia, and other age-related cognitive declines of distinct etiologies. Interestingly, in addition to the subventricular zone, the dentate gyrus of the hippocampus is a unique site of adult neurogenesis (although the absolute rate of neurogenesis remains controversial). Therefore, incorporation of immature stem cell-derived neurons into existing neural circuity beyond embryonic development is a hopeful prospect.

To generate hippocampal neurons, stem cells are patterned to dorsal forebrain progenitors by inhibiting both branches of the SMAD signaling as well as factors to promote WNT and SHH signaling. Subsequently, WNT3a is applied along with BDNF to drive the neurogenesis of hippocampal granule neurons (Yu et al., 2014; Sakaguchi et al., 2015; Hiragi et al., 2017). Initial findings indicate concurrent WNT and BMP activation can drive the differentiation of the dorsal forebrain progenitors into pyramidal neurons (Sakaguchi et al., 2015). Rodent transplantation studies with hippocampal neural precursors revealed that the human neurons could integrate into the dentate gyrus (Yu et al., 2014), but it remains to be determined if these xenografts can affect disease-related phenotypes in animal models.




Huntington’s disease

Huntington’s disease (HD) is caused by a CAG trinucleotide repeat expansion within the coding region of the HTT gene, resulting in an extended polyglutamine (polyQ) tract within the Huntingtin protein. The progressive loss of neurons and gross atrophy in the neostriatum (caudate nucleus and putamen) disrupts neuronal circuits involving the basal ganglia and leads to gradually worsening motor impairment and, as additional brain regions are affected, significant cognitive and psychiatric symptoms.


Medium spiny neurons

Medium spiny neurons that reside in the striatum, contribute to the complex circuits that control movement and are particularly vulnerable in HD. During development, these inhibitory neurons arise from the lateral ganglionic eminence (LGE) and are marked by the expression of DARPP32 (dopamine- and cAMP-regulated phosphoprotein Mr∼32 kDa) (Fjodorova et al., 2015). The relatively specific loss of DARPP32+ medium spiny class of neurons in the neostriatum makes HD a strong candidate for cell replacement therapies. Like for PD, fetal transplants have paved the way for stem cell-derived therapies for HD (Freeman et al., 2000).

Numerous groups have validated directed differentiation approaches for producing medium spiny neurons from stem cells (Aubry et al., 2008; Carri et al., 2012; Ma et al., 2012). Like the methods for producing other inhibitory neurons from the neighboring MGE, combinatorial SHH/WNT signaling modulation induces an anterior-ventral fate. Of note, reduced activation of SHH signaling and the addition of Activin A can favor a LGE fate while inhibiting a MGE fate (Fjodorova et al., 2015). A direct conversion method has also recently been described for transforming fibroblasts into medium spiny neurons, specifically, with a combination of 4 transcription factors (CTIP2, DLX1, DLX2, and MYT1L) and two microRNAs (miR-9/9 and miR-124) (Victor et al., 2014). Whether these direct programming methods can be applied to pluripotent stem cells remains to be determined but could be used to improve the yield of medium spiny neurons from stem cells, which are at best ∼50%. When transplanted into a murine striatum, the neurons integrate into the host circuit and project to the proper anatomical targets. In some cases, the transplanted cells neurons can rescue motor deficits in quinolinic acid, an excitotoxin, striatal-lesioned mice, a model of HD (Carri et al., 2012; Victor et al., 2014). In another study, however, the transplanted cells also resulted in cellular overgrowth (Aubry et al., 2008). Based on these studies, refined purification methods to yield more homogenous neuron populations followed by additional animal model studies seem warranted.




Ataxias

Spinocerebellar ataxias (SCAs) are a clinically and genetically heterogenous group of neurological disorders associated with impairments in motor coordination due to degeneration of the cerebellum and connected neuronal pathways. Many SCAs are caused by CAG nucleotide repeat expansions within certain genes leading to the production of polyglutamine (polyQ)-containing proteins with putative toxic gain-of-function effects. For instance, an autosomal dominantly-inherited, abnormally long (>33 CAG repeats) trinucleotide repeat expansion within ATXN-2 results in SCA2 that can manifest with ataxia, loss of neurological reflexes, and Parkinsonian symptoms. Ataxias can be associated with other inherited disorders. For examples, an autosomal recessively-inherited GAA trinucleotide repeat expansions in FXN, encoding frataxin, cause Friedrich’s ataxia, which is characterized by progressive ataxia, impaired speech, loss of vibratory and proprioceptive sensation due to degeneration of spinal cord neurons and nerve fiber tracts connecting to the cerebellum. There are no effective treatments for these debilitating and often fatal diseases.


Purkinje cells

Purkinje cells are large inhibitory GABAergic neurons with extensive dendritic arbors that reside within the hindbrain structure of the cerebellum. As the output neurons of the cerebellar cortex, they project to neurons within deep cerebellar nuclei and play an important role in motor coordination. Until recently, the differentiation of human PSCs into Purkinje neurons remained elusive, perhaps due to their late emergence during development. An initial directed differentiation approach for this cell type required several steps and many factors. First, exogenous factors were employed to stimulate endogenous Wnt1 and FGF8 signaling and promote a midbrain/hindbrain identity, and inhibition of SHH signaling was used to pattern cells toward a dorsal identity (Muguruma et al., 2015; Wang et al., 2015a). Then, the maturation process could be accomplished through several methods: plating precursors on mouse cerebellar slice cultures (Watson et al., 2018), within self-organizing, polarized cerebellar structures (Muguruma et al., 2015), or more recently in a defined basal medium optimized for cell culture (Bardy et al., 2015; Silva et al., 2020). Studies indicate that the stem cell-derived Purkinje cells are susceptible to genetic insults, such as the trinucleotide CAG repeat in CACNA1A associated with SCA6 (Ishida et al., 2016), that trigger their selective demise, and that they can also engraft into the mouse cerebellum (Wang et al., 2015a). Although more defined and robust methods are needed before cell replacement therapies should be considered clinically, the initial findings have paved the way for producing this neuronal type that is relevant to many neurological disorders.




Motor neuron diseases

The specific loss of motor neurons underlies several devastating neurological diseases including amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA). Both diseases involve the progressive loss of motor function, eventually progressing to fatal paralysis. In nearly all (∼97%) of cases of ALS, motor neurons in both the brain and spinal exhibit pathological changes in the cellular localization of the RNA binding protein TDP-43, which include loss of the normal nuclear localization and the formation of cytoplasmic inclusions (Klim et al., 2021).


Spinal motor neurons

Motor neurons represent a diverse group of neuronal subtypes and provide the pivotal link between mind and the animation of the body. Generally, there are two types of motor neurons; upper motor neurons that reside in the frontal cortex and project to lower motor neurons, found in the ventral brainstem and spinal cord, which in turn form synapses with the musculature. Decades of developmental studies and genetic analyses have illuminated the molecular underpinnings of lower motor neuron specification during embryo development (Dasen and Jessell, 2009) with the morphological gradients well established (Davis-Dusenbery et al., 2014).

Leveraging this knowledge, stem cell scientists developed methods to generate motor neurons from mouse embryonic stem cells by applying retinoic acid (RA) to caudalize the cells toward a spinal cord (the distal or tail end of the neural tube) identity and activating SHH to ventralize them toward a motor, rather than sensory, identity (Wichterle et al., 2002). Several research groups have advanced these earlier findings to reproducibly convert human pluripotent stem cells into vast quantities of motor neurons (Amoroso et al., 2013; Du et al., 2015; Maury et al., 2015; Klim et al., 2019). These approaches typically rely on neural induction through small molecule dual-SMAD signaling inhibition, in some cases activation of WNT signaling, accelerated neurogenesis through inhibition of FGF or NOTCH signaling, all coupled with MN patterning described above (RA and SHH). Son et al. (2011) have used a large cadre of MN-related transcription factors (Isl1, Ascl1, Myt1l, Brn2, Ngn2, Lhx3, and Neurod1) to directly convert fibroblasts into induced motor neurons. Alternatively, simpler protocols were achieved that used a subset these factors to transform human stem cells into motor neurons (Hester et al., 2011; Goto et al., 2017). Recently, we have also shown that transcription factor-based and small molecule approaches could be combined to yield a highly pure population of cervical-like motor neurons from iPSCs with 100% efficiency through the inducible expression of Ngn2 (neurogenin-2) alone coupled with RA and SHH treatments (Limone et al., 2022). Interestingly, carefully varying the timing of retinoid application has been demonstrated to afford more caudal motor neuron fates (Lippmann et al., 2015), but methodologies for producing upper motor neurons, also known as cortical spinal motor neurons (CSMNs), are still lacking. As degeneration of cortical and spinal cord motor regions occur in ALS, a full array of motor neuron subtypes might be needed as a cell replacement herapy.

So far, motor neuron transplant results have been encouraging. For example pioneering transplant studies demonstrate that mES-derived motor neurons injected into tibial nerve of adult mice can form functional NMJs and ameliorate muscle atrophy (Yohn et al., 2008). Another notable study was able to transplant human iPS cell-derived motor neurons into the ventral horns of an SMA mouse model (Corti et al., 2012). The transplanted motor neurons could survive and engraft into the murine spinal cord and could even ameliorate disease phenotypes and extend the life span relative to those receiving a fibroblast transplant (Corti et al., 2012). These exciting initial studies highlight the need for large animal models for testing motor neuron-based cell therapies.




Glial cells

Although glia are more abundant than neurons, nuances remain in our understanding of how their exact cellular identities are established and how glial developmental pathways can be recapitulated in vitro for cell replacement approaches. Three main types of glia exist in the CNS: astrocytes, oligodendrocytes (OLs), and microglia. In brief, astrocytes are responsible for forming and modulating the blood–brain barrier (BBB) and modifying the chemical microenvironment governing synaptic function. Microglia are the resident immune cells of the CNS that function in synaptic pruning during development, immune surveillance, debris clearance and defense from pathogens. Oligodendrocytes are responsible for myelinating axons in the CNS, thereby maintaining strong electrical connectivity of brain circuitry. Glia have been implicated in almost all neurodegenerative diseases, and their dysfunction in this context are more extensively reviewed elsewhere (Zheng et al., 2018). Glial transplantation for the treatment of neurodegenerative diseases has been explored much less than for neurons, though might be advantageous for ameliorating glial dysfunction as well as mitigating the loss of degenerating neurons by engaging in supportive roles. Like neurons, glial cells can be generated by activating development cues or overexpression of cell type-specific transcription factors. We will discuss a selection of strategies to generate glia and their most promising applications to neurodegenerative diseases.


Astrocytes

Astrocytes are star-shaped glial cells that reside in both the brain and spinal cord to maintain BBB integrity, regulate nutrient flow, and govern neuronal function. They arise relatively early in neuronal development from radial glial progenitor cells usually after these cells have generated neurons. Broadly, differentiation protocols recapitulate developmental cues (Krencik et al., 2011; Shaltouki et al., 2013) by promoting neuronal stem cell (NSC) identity via dual SMAD inhibition and then gliogenesis with morphogens (Krencik and Zhang, 2011). Promoting gliogenesis after NSC differentiation has traditionally been a slow rate-limiting step in the generation of astrocytes, but recent transgenic and chemical strategies have greatly accelerated this process. Expansion of NSCs with Activin A, Heregulin 1β (Neuregulin1), and IGFI (Shaltouki et al., 2013; Tcw et al., 2017), flow cytometry-based enrichment strategies (Barbar et al., 2020) or overexpression of TFs NFIA and SOX9 can dramatically shorten differentiation protocols (Canals et al., 2018; Tchieu et al., 2019). hPSC-derived astrocyte-like cells can be generated in as little as 30 days and show functional properties similar to primary astrocytes in that they uptake glutamate, promote neurite outgrowth, propagate calcium waves, and retain their identity in vivo (Krencik and Zhang, 2011; Shaltouki et al., 2013; Li et al., 2018). Many groups have recently developed methods to increase maturity and function of these cells by differentiating them from 3D structures coupled with cell sorting methods (Barbar et al., 2020).

Studies on ALS and PD animal models are laying the foundation for astrocyte transplantation therapies. In ALS models, astrocytes exert toxic gain-of-function effects that can act in a cell non-autonomous manner to contribute to motor neuron degeneration (Di Giorgio et al., 2007, 2008; Meyer et al., 2014; Hall et al., 2017). For instance, mice expressing human mutant SOD1 in astrocytes in addition to neurons had reduced to survival compared to mice only expressing mutant SOD1 in neurons, in other words, a wild-type astrocyte microenvironment may promote motor neuron survival (Bataveljić et al., 2012). Focal transplantation of glial-restricted NPCs (Neuronal Progenitor Cells) into the cervical spinal cord of SOD1 transgenic rats during disease progression extended survival and decreased motor neuron death, in part due to the partial rescue of GLT1 expression in astrocytes (Clement et al., 2003). Clinical trials are ongoing to prove the efficacy of transplanted PSC-derived astrocytes to boost neuronal survival and slow disease progression. For instance, a phase 1/2a trial in a small cohort of ALS patients (NCT02943850) has shown that a single injection of human NPCs engineered to produce glial cell line-derived neurotrophic factor (GDNF) into the spinal cord is safe, and viable grafts differentiated into astrocytes that may be neuroprotective through increased GDNF production (Baloh et al., 2022).

Transplantation studies for PD also showed promising results. Co-transplantation of primary fetal NPCs and rat astrocytes increased long-term engraftment of mature midbrain dopaminergic neurons and increase anti-inflammatory markers in the brains of PD rats (Lepore et al., 2008). Transplantation of primary astrocytes into the SNpc increase synaptosomal dopamine uptake in the striatum, reduce ROS stress, and improved motor deficits of pharmacologically-induced PD rats (Song et al., 2017). These observations suggest hPSC-derived astrocytes may be used to slow disease progression and complement dopaminergic neuron transplantation.



Oligodendrocytes

Similar to astrocytes, oligodendrocytes are derived in development after neurogenesis. In both the forebrain and the spinal cord, oligodendroglial progenitor cells (OPCs) are generated from Nkx2.1+, SHH-derived progenitors and their differentiation is regulated by TFs Olig1 and Olig2. OPCs have an immense ability to migrate and populate the entire brain and spinal cord where most of them further differentiate into committed, myelinating oligodendrocytes (OLs) while a small subset of them are maintained in a progenitor state. Their great migratory abilities, plasticity and pivotal role in neuronal support render these cells ideal for transplantation studies and replacement therapies.

To generate OLs, hPSCs are first converted to a neural stem cell with small molecules or a neural epithelial identity through SHH activation and are then pushed toward an oligodendrocyte progenitors (OPCs) identity by the addition of PDGF-AA. These OPCs can be matured into OLs by various cocktails of small molecules, often containing IGF-1 and T3 (Wang et al., 2013; Douvaras et al., 2014; Douvaras and Fossati, 2015). Several groups have shown that complete maturation of OPCs into highly myelinating oligodendrocytes can be achieved either by injecting these cells in vivo (Douvaras et al., 2014) or by differentiating these cells in 3D structures (Marton et al., 2019). Protocols relying on overexpression of several transcription factors, including OLIG2, NKX6.2, and SOX10, were developed to be faster and similarly efficient (Ehrlich et al., 2017; García-León et al., 2018). García-León et al. (2018) found, however, that overexpression of SOX10 alone in NSCs was the most efficient at generating OLs in as little as 20 days, and the generated OLs were capable of myelinating cortical neurons both in vitro and in vivo.

Stem cell-derived OLs hold promise for both demyelinating diseases and spinal cord injury. Multiple sclerosis (MS) is a chronic, autoimmune disease characterized by the loss of myelin and associated oligodendrocytes, often in a remitting and relapsing clinical course that results in gradual neurological decline. MS-iPSC-derived OPCs can myelinate the corpus callosum of immunocompromised hypomyelinated (shiver) mice (Wang et al., 2013; Douvaras et al., 2014), offering a potential regenerative route for re-myelination for cases of MS that are resistant to immune-suppressant treatment. Strikingly, human iPSC-derived OPCs can myelinate axons in a non-human primate marmoset model (Thiruvalluvan et al., 2016). Long term transplantation studies in both shiver mice and demyelinating cuprizone treatment also showed that these cells can not only migrate to distal regions of the CNS farther than previously believed but can also improve behavior and motor function in murine models (Windrem et al., 2020). These results highlight the feasibility of an iPSC-derived OL transplantation therapy for MS and perhaps for other demyelinating diseases.



Microglia

Unlike other glial cells, microglia are immune cells not derived from the neuroectoderm but originate from the embryonic yolk sac in early stages of development and then migrate to the neural tube (Ginhoux et al., 2010; Kierdorf et al., 2013). Chemical differentiation strategies generally generate early myeloid progenitors by isolation of delaminating cells from so-called yolk-sac embryoid bodies (Muffat et al., 2016; Haenseler et al., 2017) or by promoting hematopoiesis with hypoxic conditions and defined medias (Abud et al., 2017). Initial studies used co-cultures of these immature myeloid cells with human neurons or murine brain extracts to generate resident brain-like microglia (Takata et al., 2017). These protocols made scalability challenging so others have devised ways to further push immature myeloid progenitors toward microglia-like cells (MGLs) with defined medias containing M-CSF to generate myeloid cells coupled with CNS-enriched TGF-beta and CNS-specific, CSF1-receptor ligand IL34 to promote a brain-like specification of these myeloid progenitors. Generated MGLs show competence to phagocytose (Muffat et al., 2016; Abud et al., 2017; Douvaras et al., 2017; Haenseler et al., 2017; Pandya et al., 2017; Limone et al., 2021; Dolan et al., 2022) respond to IFN-γ and LPS stimulation via secretion of pro-inflammatory cytokines (Muffat et al., 2016; Abud et al., 2017), and migrate to sites of injury (Muffat et al., 2016). When co-cultured with neurons, MGLs have also been observed to secrete anti-inflammatory and pro-remodeling cytokines (Haenseler et al., 2017). Like for other glial cells, transcription factor-based protocols may offer increased efficiency and decreased time for the generation of microglial-like cells. One study has shown that overexpression of transcription factors CEBPA and PU.1 coupled with CNS-patterning molecules described above can generate Microglia-like cells from human iPSC (Chen et al., 2021) with a second one showing improved efficiency by overexpressing PU.1 from primitive hematopoietic progenitors (Sonn et al., 2022). A recent study has defined a set of six transcription factors for the generation of microglia-like cells at a scale sufficient for genetic screening (Drager et al., 2022). Following the progress in the derivation of specific neuronal populations, it is plausible that newer approaches might find that just a few transcriptional factors could be sufficient, when coupled with small molecules, for the generation of this cell type.

Long term engraftment studies have been rendered difficult by the lack of homology between murine and human CSF1, which is pivotal for long term microglial survival. However, initial studies have shown the feasibility of transplantation of hiPSC-derived iMGLs in humanized mouse models (Svoboda et al., 2019; Xu et al., 2020).




Technological advances

Directed differentiation approaches have evolved considerably since the initial derivation of neurons from human embryonic stem cells (Zhang et al., 2001). Although defined culture conditions that primarily employ small molecules instead of poorly defined co-culture systems are more robust, modern directed differentiation approaches still tend to yield highly heterogeneous cultures containing the cell type of interest along with developmentally related cells. Direct conversion strategies like the ones described above typically yield more homogenous cell populations, but viral integration could disrupt normal gene expression and thus might not be amenable to clinical applications. Alternatively, the use of cell surface antibodies for sorting different neural populations has been pioneered to enrich for more defined cell populations (Yuan et al., 2011), or dyes that are selectively taken up by specific cells could theoretically also be used to mark specific cell types as has been demonstrated for neural precursor cells (Yun et al., 2012). These advances have led to several of these differentiation protocols being used for modeling neurodegeneration in different cell types in vitro (Giacomelli et al., 2022), opening the door to their adaptation to transplantation studies in the future. Additionally, several groups have made significant progress in the development of protocols for the generation of 3D structures containing various CNS cell types (known as brain organoids) that can enhance cell type specification and maturation (Del Dosso et al., 2020). Whether this technology can be translated into reproducible, manufacturable products for transplantation studies remains unclear, though it does offer a myriad of intriguing possibilities for the field.

It is unclear whether nascent, immature neurons or elaborate, mature neurons will integrate more successfully into a degenerating brain to provide therapeutic benefit. Either way, the ability to control the functional maturation of stem cell-derived neurons would benefit many applications. For in vitro disease modeling studies, we have found that co-culture of human neurons with murine glial cells effectively increased neuronal activity, but co-culture with non-human cells is not an ideal strategy for cell replacement therapies. Instead, Gage and colleagues have developed a defined neuronal medium, BrainPhys, which better mimics the environment present in healthy human brains and enhances both spontaneous electrical and synaptic activity of human neurons (Bardy et al., 2015). Whether increased activity translates into increased survival after transplantation remains an unanswered but fascinating question.

The process of reprogramming adult cells back to the pluripotent state erases many aspects of aging that put vulnerable cells at risk in the first place (Mertens et al., 2018). Although resetting the biological clock makes disease modeling more challenging, it might rid the newly derived cells from the neurodegenerative stimuli of aging when transplanted. Still, there might be aspects of maturation that are critical for neuronal integration or function. Unlike stem cell-derived neurons, for example, neurons directly converted from adult fibroblasts capture the faithful expression of all tau isoforms detected in adult brains at the proper ratios (Capano et al., 2022). Direct conversion of adult cells to replace lost neurons might therefore be an alternative technology to consider and has even been shown to reverse symptoms of PD in a rodent model by converting midbrain astrocytes to dopaminergic neurons (Qian et al., 2020).



Limitations and challenges

Induced pluripotent stem cell technology marshaled in the possibility of personalized regenerative medicine using therapies based on an individual’s own cells. To this end, investigators in Japan started a clinical trial to treat age-related macular degeneration using autologous transplants, however, the trial was eventually suspended after treating one patient (Mandai et al., 2017). Several hurdles generate significant headwinds for this type of approach including (1) the time and effort needed to generate iPS cells, (2) genomic instability of pluripotent stem cells, and (3) the cost of personalized therapeutics. Most of these hurdles have several potential solutions that we will describe here briefly.

Despite recent advances, the overall time to move from the collection of fibroblasts via skin biopsy in the clinic, the reprogramming of fibroblasts into PSCs with completion of appropriate quality controls, to the differentiation of individualized stem cells into a personal population of a specific cell type, such as mature motor neurons, remains extensive, and hence possibly beyond the therapeutic window for rapidly progressive neurodegenerative diseases like ALS. To meet the demands of future clinical applications, state-of-the-art technologies for the cryopreservation of differentiated cell types are being tested to provide a ready to go off-the-shelf product (Holm et al., 2010; Nishiyama et al., 2016). Indeed, this approach is being pioneered within the PD cell replacement field, which has demonstrated that cryopreserved iPSC-derived neurons can maintain high viability and the molecular properties of a dopaminergic neuron. Moreover, these cryopreserved cells can be directly transplanted into a rat model of PD to reverse functional deficits (Wakeman et al., 2017).

For cell replacement therapies, even rare proliferating cells are especially worrisome because they could ultimately lead to the growth of tumors. Moreover, genomic instability of pluripotent stem cells has long been a concern for the field as aneuploid cells have readily been observed (Draper et al., 2004). To identify more subtle genetic changes, groups have performed whole-exome sequencing on many of the hES cell lines listed on the US National Institutes of Health registry and reported the acquisition of dominant negative p53 mutations, a mutation associated with many cancers, for several hES cell lines (Merkle et al., 2017), and other genomic changes associated with cancer and tumorigenesis (Merkle et al., 2022). Similar studies have also identified recurrent mutations that can occur during the reprogramming process and subsequent propagation (Pera, 2011). Therefore, thoughtful genetic characterization should be standard before stem cells or any of their derivatives are used in the clinic. This analysis will not only be useful to rule out stem cell lines with potentially dangerous mutations but could also be used after transplant to retrospectively identify the distribution of the donor cells.

To overcome the laborious nature of converting somatic cells into pluripotent stem cells, the New York Stem Cell Foundation has developed an automated platform for the high throughput conversion of skin biopsies into iPS cells (Paull et al., 2015). This high throughput platform can be used in conjunction with synthetic modified RNA to reprogram cells and avoid viral transduction (Warren et al., 2010). Finally, xenofree culture conditions have been developed and are now commercially available for deriving and propagating human pluripotent stem cells (Klim et al., 2010; Chen et al., 2011). Collectively, these innovations will help expedite the large-scale generation of clinical grade iPS cells.

Finally, widely applicable and efficient cell banking methods are needed to meet the demand of cell transplantation therapies. There are ongoing efforts in both Japan and the United States to screen and bank cells for allogeneic transplantations. Estimates from Cellular Dynamics International suggest that top 183 haplotypes could cover 95% of the US population. To gain maximum population coverage and provide social justice (Ellison, 2016), a universal stem cell donor could be part of the banking effort. This tactic proposes to use genetic engineering to reduce immunogenicity by removing the MHC molecules from the surface of the cells while also introducing well-established tolerance-inducing molecules (Riolobos et al., 2013; Han et al., 2019). Ultimately, stem cell banking will facilitate regenerative therapies by providing a common and less costly off-the-shelf cellular materials that can be thoroughly characterized before regular and repeated clinical use.



Concluding remarks

It’s an incredibly exciting time for stem cell-based regenerative medicine with a number of clinical trials started and more just on the horizon for neurodegenerative diseases, including one for PD (Kimbrel and Lanza, 2015). The International Society for Stem Cell Research (ISSCR) has established an updated set of guidelines (Daley et al., 2016) for the clinical translation of stem cell research to ensure safety and appropriate rigor while avoiding the real and present dangers of unregulated stem cell therapies (Berkowitz et al., 2016).

The demand for neurodegenerative disease therapeutics continues to grow as populations around the globe age. Currently, no pharmacological strategies exist that can significantly alter disease course for neurodegenerative diseases, thus cell replacement therapies remain an attractive avenue of exploration. Although the prospect of using stem cell-derived neurons to treat many of the diseases discussed above remains abstract, the PD clinical trials, grounded on years of fetal transplant studies and animal models with high fidelity, will provide important guideposts as others venture into these uncharted territories. In this review, we highlighted current methodologies for generating therapeutically relevant neuronal and glial cell types. Although directed differentiation strategies for some of these CNS cell types are in their nascent stage, they represent important first steps toward heralding in a new era of cellular therapeutics.
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Many diseases of the central nervous system are age-associated and do not directly result from genetic mutations. These include late-onset neurodegenerative diseases (NDDs), which represent a challenge for biomedical research and drug development due to the impossibility to access to viable human brain specimens. Advancements in reprogramming technologies have allowed to obtain neurons from induced pluripotent stem cells (iPSCs) or directly from somatic cells (iNs), leading to the generation of better models to understand the molecular mechanisms and design of new drugs. Nevertheless, iPSC technology faces some limitations due to reprogramming-associated cellular rejuvenation which resets the aging hallmarks of donor cells. Given the prominent role of aging for the development and manifestation of late-onset NDDs, this suggests that this approach is not the most suitable to accurately model age-related diseases. Direct neuronal reprogramming, by which a neuron is formed via direct conversion from a somatic cell without going through a pluripotent intermediate stage, allows the possibility to generate patient-derived neurons that maintain aging and epigenetic signatures of the donor. This aspect may be advantageous for investigating the role of aging in neurodegeneration and for finely dissecting underlying pathological mechanisms. Here, we will compare iPSC and iN models as regards the aging status and explore how this difference is reported to affect the phenotype of NDD in vitro models.
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 cell reprogramming, Parkinson’ disease, Alzheimer’s disease, Huntington’s disease, ALS, in vitro model


Introduction

Aging is the natural process that progressively leads to the functional decline of the cell and ultimately of the whole organism. While its nature and causes still belong to a debated field, researchers mainly addressed the non-trivial question of defining aging at a biological level. Biological aging is very complex and involves genomic mutations, epigenetic changes, telomere shortening, and progressive decline in metabolic function and proteostasis, all reflecting different aspects of the process (Gladyshev, 2016). The aging signatures are crucial to correctly establish cellular age independently of chronological age and understand the impact of each factor on physiological and pathological aspects of aging itself. In this regard, aging has emerged as the leading risk factor for the late-onset diseases and particularly in neurodegenerative diseases (NDDs; Gudenschwager et al., 2021), thereby posing the urge to unveil its contribution in NDDs development. NDDs comprise a group of disorders that affect central nervous system (CNS) and have a higher incidence among the aged population. Among them, the most studied are Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD).

Although the genes involved in some early-onset familiar forms of the diseases were identified, the overwhelming proportion of sporadic diagnosed cases remains unexplained (Wang et al., 2008; Fernández-Santiago et al., 2015) and effective treatment strategies to cure these diseases are missing. Aging hallmarks could account for the late-onset forms of NDDs, presumably interacting with genetic and environmental factors. Finding appropriate disease models that include aging information may help to achieve a comprehensive understanding of disease mechanisms and progression and to identify potential therapeutic targets.

Recently, the possibility of studying adult human neurons obtained by cell reprogramming strategies provided precious insights into the molecular mechanisms underlying neurodegeneration and other neurological disorders. Neurons can be derived from induced pluripotent stem cells (iPSCs) or directly induced from somatic cells such fibroblasts (iNs) to make patient-tailored disease models. In the first strategy, primary human cells can be collected directly from patients, and the cells can then be reset to an embryonic-like state with the transient expression of the Yamanaka transcription factors (TFs), OCT4, KLF4, SOX2, and C-MYC (OKSM; Takahashi and Yamanaka, 2006). The generated iPSCs have the potential to differentiate into all three germ layers with the unlimited ability of self-renewal, providing a potential source of functional neurons that can be obtained either by using several developmental morphogens and small molecules (Kriks et al., 2011) or by forced expression of few neurogenic TFs. In the second case it is possible to apply forced expression of TFs directly to iPSCs to generate in a faster way (~3 weeks) dopamine, glutamate, GABA, and motor neurons (Dimos et al., 2008; Chambers et al., 2009; Maroof et al., 2013; Theka et al., 2013; Chen et al., 2014; Yang et al., 2017).

The alternative route to obtain mature and functional neurons is the direct reprogramming of somatic cells into neurons, over-expressing combinations of neurogenic TFs. The first described example of this approach was the generation of glutamate neurons by applying ASCL1, BRN2, and MYT1L (BAM factors) on mouse embryonic fibroblasts (Vierbuchen et al., 2010).

Both strategies have also been used to obtain specific neural subtypes that are relevant for NDDs modeling; nevertheless, they can recapitulate different phenotypic properties of diseases. The differential maintenance of aging status of donor cells is the reason for this discrepancy and an aspect that has come to the attention of the researchers aiming to faithfully model NDDs.

Essentially, the reprogramming tools follow a different developmental program toward the neural fate. The induction of pluripotency entails an embryonic-like state which resets the cellular age and leads to cell rejuvenation (Lapasset et al., 2011) even in the finally differentiated neurons (Huh et al., 2016). Direct conversion of fibroblasts into neurons circumvents intermediate embryonic cell stages and has proven to preserve the cellular age of donor cells (Huh et al., 2016). Obligatory access to patient cell lines is a limitation of these approaches, since NDDs modeling needs the generation of iPSCs or iNs from large cohorts of patients, to comprise the genetic heterogeneity with respect to the disease-causing mutations. This limitation has been expunged by CRISPR/Cas9-edited disease models, which allow to introduce or correct any desired mutation, and to obtain isogenic cell lines carrying one or multiple disease-relevant mutations from a single iPSC background (Sen and Thummer, 2022). In this review, we describe in more detail the differences in the aging status of iN- and iPSC-derived neurons and discuss the impact of these features in the disease modeling of NDDs.



Aging features in directly converted and iPSC-derived neurons


Epigenetic and transcriptional memory

Age-associated changes in TFs and chromatin state represent a critical aspect of the aging process and a link between different aging hallmarks. Aging changes include reduced global heterochromatin, nucleosome loss and remodeling, changes in histone marks, global DNA hypomethylation with CpG island hypermethylation, and the relocalization of chromatin modifying factors (Oberdoerffer and Sinclair, 2007; Campisi and Vijg, 2009). Importantly, these factors were demonstrated to be correlated with age-related neurodegeneration (Booth and Brunet, 2016), albeit their contribution for disease development is far to be dissected. An in vitro model that reliably retains the epigenetic information is thus required to achieve a full comprehension of the sporadic as well genetic forms of the diseases. The epigenetic landscape in aging is depicted in Figure 1.
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FIGURE 1
 The epigenetic landscape in aging. Aging causes both global and locus-specific changes to chromatin structure. The aging process is characterized by global DNA hypomethylation except in CpG islands that become hypermethylated at promoter regions of tissue-specific genes. Moreover, there is a decrease in global heterochromatin along with a reduction in heterochromatin protein 1 (HP1) and in repressive histone mark H3K9me3.


The altered methylation landscape has been calibrated to accurately predict the age of cells (Horvath, 2013) and allowed for accurate aging characterization of iPSC-derived neurons and iNs, shedding light onto the epigenetic mechanisms governing the two different reprogramming strategies and the effects on the maintenance of cellular age. The induction of pluripotency resets the epigenetic clock to zero (Horvath and Raj, 2018) confirming previous evidence that demonstrated cell rejuvenation by reprogramming through the pluripotent state (Maherali et al., 2007; Meissner et al., 2008; Lapasset et al., 2011). Of note, epigenetic age is not restored upon neural induction, independently from the age of donor cells (Huh et al., 2016). This aspect can be explained by the hierarchical transcriptional and epigenetic mechanisms that occur during the TF-mediated induction of the pluripotent state. The reprogramming process involves the “off-target” cooperative chromatin binding of TFs, the OKSM factors identified by Yamanaka’s group (Takahashi and Yamanaka, 2006). TFs need to overcome a series of epigenetic barriers that have been gradually imposed on the genome during differentiation, including large, repressed chromatin domains enriched by H3K9me3 modification, to induce a huge chromatin remodeling that finally leads to the erasure of somatic acquired epigenetic marks and reactivation of pluripotent genes (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Apostolou and Hochedlinger, 2013; Wapinski et al., 2013). It has been shown that age reset precedes de-differentiation during iPSC reprogramming with OSKM factors (Olova et al., 2019; Gill et al., 2022) and that combinations of two or three of those factors lead to similar rejuvenation effects, even after 2–3 days of exposure, where aging signatures are partially erased and restored to youthful states (Lu et al., 2020).

As expected, the epigenetic rejuvenation of iPSCs results in a population of reprogrammed neural cells that are epigenetically and transcriptionally different from their in vivo counterpart, hampering their potentiality for in vitro modeling and cell replacement therapy.

A genome-wide comparative gene-expression profiling demonstrated a clear correlation between iPSC-derived mesencephalic dopaminergic (mDA) neurons and embryonic mDA neurons, but less similarity was found between iPSC-derived mDA neurons and postnatal mDA neurons (Roessler et al., 2014). In stark contrast to iPSC-derived neurons, direct neuronal conversion from fibroblasts sampled at different ages has proven to retain the epigenetic age of the original donor cells (Huh et al., 2016). iNs do not follow the precise intermediate states of development but generate a unique intermediate state that is unrelated to the donor and the target cells. Despite this ‘shortcut’, iNs appear to arrive at the same state as neurons obtained by differentiation, preserving epigenetic information about age and disease (Traxler et al., 2019). It is worth noting that direct neural conversion is dependent on the activity of “on-target” pioneer TFs which immediately bind pro-neural target genes such as ASCL1 that facilitates the further action of BRN2 and MYT1L (BAM factors; Wapinski et al., 2013; Smith et al., 2016) and that these events do not erase the somatic epigenetic marks to induce an intermediate pluripotent cell stage. Therefore, direct reprogramming appears as the most suitable in vitro tool to obtain patient-specific neurons that also include the epigenetic information.

The concept of epigenetic memory was previously applied to iPSCs and neurons differentiated from iPSCs. These studies showed that iPSCs retain the epigenetic signatures of donor cells, which also predispose them to a preferential lineage-specific differentiation (Bar-Nur et al., 2011; Kim K. et al., 2011). DA neurons derived from iPSCs are somehow different from their primary counterpart, since they show a differential expression relative to fibroblast specific markers, suggesting remnants of a still active fibroblast gene program in iPSC-derived DA neurons (Roessler et al., 2014). However, these data were not conclusive and have to be read in the light of other studies showing that embryonic stem cells (ESCs) themselves exhibit variation in terms of their growth profiles and differentiation potential (Osafune et al., 2008; Sullivan et al., 2010). Finally, both iPSCs and ESCs share pluripotency and self- renewal capacity, indicating that transcriptional or epigenetic differences have no overall significant impact on stem-cell pluripotency per se nor are directly correlated to epigenetic memory. Instead, these subtle differences may well be compounded by culture conditions and laboratory practices (Sullivan et al., 2010).

Apart from the classical CpG DNA methylation which has an established role in gene regulation, some studies have underpinned the relevance of non-CpG methylation in the epigenetic landscape of adult mammalian brains, where mCH (where H = A, T, or C) and intermediates in the DNA demethylation pathway, in particular 5-hydroxymethylcytosine (5hmC; Xie et al., 2012; Guo et al., 2014; He and Ecker, 2015), are found at high levels.

The precise role of these modifications is not fully understood; however, several evidence reported that mCH takes part in the modulation of gene expression in mature neurons (Xie et al., 2012; Mo et al., 2015; Stroud et al., 2017). mCH starts with birth and is targeted to constitutive repressed genes and to genes showing developmental downregulation in mature neurons (Luo et al., 2019), suggesting that this mechanism facilitates neuronal maturation through gene repression. Therefore, mCH represents an essential component of the epigenetic landscape of mature neurons, which has a profound implication in iPSC- and iN-based disease models. Whole-genome profiles of DNA methylation in iPSCs showed an aberrant methylation in the non-CpG context which is later transmitted to differentiated cells (Lister et al., 2011). Instead, base-resolution methylome of fully differentiated mouse iNs showed consistent mCH patterns; however, they did not recapitulate perfectly mCH and showed a different promoter CpG methylation compared to mature cortical neurons (Luo et al., 2019). This is in agreement with a recent investigation in which neurons differentiated from mouse ESCs have proven to acquire CH methylation in a similar time frame as their in vivo counterparts, but they still do not recapitulate this methylation context with fidelity (Martin et al., 2020). These data suggest that other factors are necessary to fully develop in vivo methylation levels and patterns and this aspect must be deepened in order to faithfully recapitulate the aged neuronal methylome.

Importantly, human neurons have a much more extended developmental timeline compared to mouse neurons and reach the maximal in vivo mCH methylation in late adolescence (Lister et al., 2013). Therefore, an equal report that compares mCH methylation in ESC-derived human neurons and in vivo neurons is compelling and needs to be assessed in adult brain tissues. DNA methylation patterns of iPSCs and iNs have been recapitulated in Figure 2.
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FIGURE 2
 DNA methylation landscape in induced-pluripotent stem cells (iPSCs) and directly converted neurons (iNs). Reprogramming of aged fibroblasts to the pluripotent cell stage is characterized by methylation erasure and reset of epigenetic clock. The epigenetic rejuvenation occurs before complete dedifferentiation to iPSCs, suggesting novel treatments for age-associated diseases. During this process, a large reconfiguration of DNA methylation leads to aberrant CH and CpG methylation in differentiated cells. iNs derived from aged fibroblasts bypass the intermediate pluripotent cell stage, but still lack a faithful CH DNA methylation and show an altered CpG hypermethylation pattern at promoter regions. OKSM (OCT4, KLF4, SOX2, C-MYC); BAM (ASCL1, BRN2, MYT1L).




Mitochondrial function

Epigenetic changes may contribute to many of the hallmarks of aging, including mitochondrial dysfunction (Booth and Brunet, 2016). Mitochondria are a major generator of energy in our cells and a major target of cellular aging and age-related NDDs (Booth and Brunet, 2016; Mertens et al., 2018; Gudenschwager et al., 2021). In neurons, these organelles play a fundamental role in synaptic transmission and cell survival, by regulating energy metabolism, cell death, reactive oxygen species (ROS) production, calcium homeostasis, and macromolecule biosynthesis. Neurons rely almost completely on mitochondria-mediated oxidative phosphorylation of glucose to fulfill their energy requirements and a major part of this energy is used to maintain the electrochemical gradient across the plasma membrane which, in turn, is necessary for the synaptic transmission. Also, mitochondria contribute to homeostasis of calcium which is involved in neurotransmitters release and signal transmission. All these functions are accompanied by a modest increase in ROS which act as signaling molecules at physiological range but cause oxidative stress and cell death at higher concentrations. As cell ages, mitochondrial turnover declines, leading to alteration in glucose metabolism, increase in ROS and mutations in mitochondrial DNA, all contributing to neurodegeneration (Booth and Brunet, 2016; Mertens et al., 2018; Gudenschwager et al., 2021). Hence, mitochondrial function is another aspect that must be assessed in models of neurons derived from iPSCs and directly induced from fibroblasts. Suhr and colleagues firstly examined the properties of mitochondria in fibroblast-derived iPSCs and in fibroblasts re-derived from iPSCs, finding a dramatic improvement of mitochondrial quality and function in both cells (Suhr et al., 2010). iPSCs were induced from aged fibroblasts, indicating that iPSCs reset the mitochondrial age to an embryonic-like state. Noteworthy, fibroblasts re-differentiated from iPSCs show an improvement in mitochondrial functionality with respect to both iPSCs and parental fibroblasts lines (Suhr et al., 2010). This result was confirmed by another study showing that the induction of pluripotency can reset the metabolic age of senescent and centenarian cells (Lapasset et al., 2011). Cellular reprogramming to the pluripotent state has also proven to rejuvenate the mitochondrial-associated cell death mechanisms to an embryo stage, even from starting fibroblasts that harbor chromosomal aberrations (Prigione et al., 2011). These cells restore mitochondrial function and the mitochondrial-mediated apoptotic signaling, crucial to prevent the oncogenic transformation that may occur in presence of chromosomal and genomic mutations. Despite being promising for the safety profile, these data suggest that iPSCs may be not ideal to study the organellar dysfunction in age-related neurodegeneration.

Instead, a study conducted by Kim and colleagues showed that iNs exhibit mitochondrial aging defects (Kim et al., 2018). Neurons directly induced from old fibroblasts show decreased expression of oxidative phosphorylation genes and impaired mitochondrial function, as assessed by increased mitochondrial fragmentation and lower total ATP levels with respect to neurons derived from young fibroblasts. As expected by previous results, iPSC-derived neurons from aged donors show no age-related mitochondrial defects, extending the mitochondrial rejuvenation that follows iPSC induction to neuronal differentiation (Kim et al., 2018).

Surprisingly, although old fibroblast-derived iNs show severe mitochondrial defects, their parental fibroblasts show only mild age-related phenotypes (Kim et al., 2018), proposing that upon neuronal transdifferentiation, iNs acquire a neuronal-specific age-dependent mitochondrial dysfunction, rather than preserving a general age-related mitochondrial status. This aspect further validates iNs as a valuable cell source for the study of age-related bioenergetic dysfunctions directly in human neurons and emphasizes the cell-type specificity of the aging process.



Telomeres

Telomeres are special regions of repeated nucleotide sequences at the end of the chromosomes. Associated with specific proteins, they ensure the protection of the chromosomal ends from progressive degradation occurring during replication and prevent DNA repair systems from mistaking the very ends of the DNA strand for a double-strand break. The chance of the latter increases as the average telomere length decreases. The average telomere length is set and maintained in cells of the germline which typically express high levels of telomerase, whereas in somatic cells, telomere length is very heterogeneous but typically declines with age. Thus, telomere length has emerged as an indicator of replicative senescence and advancement of aging process (Aubert and Lansdorp, 2008). Importantly, the rate of increase in the percentage of short telomeres over time rather than the absolute telomere length has emerged as predictor of lifespan in mice (Vera et al., 2012). The role of this factor in replicative aging of somatic cells is evident; however, its contribution to the aging process of post-mitotic cells, such as neurons, remains obscure. Despite not being an accurate age-predictor, telomere shortening was found to be related to neurodegeneration (Martin-Ruiz et al., 2006; Watfa et al., 2011; Kume et al., 2012). Vera and colleagues showed that the pharmacological downregulation of telomerase and following telomere shortening results in disease-specific phenotypes in human iPSC-derived DA neurons (Vera et al., 2012). These cells exhibit a loss of tyrosine hydroxylase (TH) expression during differentiation, which is a characteristic feature of early PD.

Thus, manipulating telomere length may be a valuable strategy to model late-onset disease in human iPSC-derived lineages. Still, this represents only a feature of aging and how it reproduces the physiological and pathological aspects in aging and age-related diseases, respectively, needs to be further evaluated.



Proteostasis

Proteostasis or “protein homeostasis” ensures a balanced proteome within the cells, by promoting the correct protein folding, trafficking and degradation mediated by proteasomes or lysosomes. Biological mechanisms underlying these functions are reported to become progressively impaired with age. In virtue of the post-mitotic nature of the neurons and their highly vulnerability to protein accumulation, these mechanisms are strongly related to the late-onset neurodegenerative process.

Although a direct and full comparison between iPSC-derived neurons and iNs with respect to the age-related decline in proteostasis has not been conducted, some evidence shows that iNs are somehow different in this aspect, as they were found to recapitulate different phenotypic manifestations associated with HD (Victor et al., 2018). Medium spiny neurons (MSNs) that were differentiated from iPSCs were reported to be free of the classical huntingtin (HTT) aggregates that characterize HD and to lack an overt cell death phenotype (Victor et al., 2018).

Instead, patients directly converted MSNs consistently exhibited mutant HTT (mHTT) aggregates, mHTT-dependent DNA damage, mitochondrial dysfunction, and spontaneous degeneration over time in culture. It is likely that directly reprogrammed subtype-specific neurons, as well as iNs, retain age-associated features of patients’ cells and these hallmarks finally result in a more reliable manifestation of the modeled disease. In addition, nuclear pore permeabilization is linked to the correct protein compartmentalization, including TFs and regulatory proteins, and has emerged as another factor impaired during the aging process (Mertens et al., 2015). Nuclear pores are composed of nucleoporins that control the flux of proteins, RNAs, and other information between the nucleus and the cytoplasm, acting as important regulator of gene transcription and global nuclear organization. With age increasing they get more permeable to cytoplasmic proteins entering the nucleus and are increasingly leaky for nuclear proteins, impacting the subcellular localization of proteins and the chromatin architecture and transcription. In part, the altered permeability may be a consequence of the low turnover of extremely long-lived nucleoporins, hence, an effect of age-associated damage of proteins.

Interestingly, a significant impairment in nucleocytoplasmic compartmentalization was observed in iNs derived from old donor cells compared to iNs from young and middle-aged donors, proposing an age-dependent phenomenon (Mertens et al., 2015). In contrast, iPSC-derived neurons show no detectable impairment in nucleocytoplasmic functionality in iNs converted from young, middle-aged, and old donors, indicating that iPSC rejuvenation can restore this function in old cells (Mertens et al., 2015). Taken together, these data demonstrate that iNs retain the principal aging signatures of the primary cell, and manifest neuronal-specific aging signs compared to neurons derived from iPSCs, confirming that they are an age-equivalent in vitro model for neuronal degeneration. Finally, the aging hallmarks can hamper the reprogramming process, but some evidence shows an equal efficient direct conversion for young and old fibroblasts (Mertens et al., 2015).




Impact of aging signatures in brain disease models

iPSC-derived and directly converted neurons for disease modeling: impact on disease phenotype. Despite many of the NDD-causing mutations have been largely characterized, it still results very difficult to conduct studies of drug screening due to the lack of a model that correctly resemble the human neuronal physiology. The different complexity of human neurophysiology renders the use of animal models an unsuitable tool for these types of diseases as demonstrated from the unsuccessfully translation of drugs derived from animal screening to clinical application. For this reason, the pursuit for a more human resembling disease model remains a sensitive issue. Promising results have been reached in recent years by differentiating neurons in vitro from iPSCs or from somatic cells. The big advantage of differentiating neurons from iPSCs is related to an increased plasticity of undifferentiated cells that could be more efficiently induced toward a mature phenotype. However, iPSC-derived neurons phenotype is more similar to an embryonic stage and show a reset in the epigenetic aging so resulting not optimal for modeling diseases related to aging. To overcome this issue the best chance seems to be represented by the direct reprogramming. The first attempt of direct reprogramming toward neuronal lineage was accomplished in 2010 when the Wernig group successfully converted mouse fibroblasts into iNs by expressing three TFs, namely BRN2, ASCL1, and MYT1L (Vierbuchen et al., 2010). Since then, many efforts have been applied to directly reprogram somatic cells to specific neuron subtypes. Most of these protocols are based on the co-expression of neuron subtype-specific TFs together with BAM factors. By using this approach functional induced DA neurons (iDANs) expressing TH and other midbrain markers have been generated from different somatic cells (Addis et al., 2011; Caiazzo et al., 2011; Pfisterer et al., 2011; Kim et al., 2012; Liu et al., 2012; Torper et al., 2013; Jiang et al., 2015; Park et al., 2015; Di Val et al., 2017; Yoo et al., 2017).

However, the conversion efficiency of iNs is relatively low, ranging from 5 to 30% depending on the starting cell type. To overcome this limit many protocols have been identified based on a semi-direct approach in which pluripotency factors for direct reprogramming (PDR) can generate expandable neuronal progenitor cells (iNPCs) that can be further differentiated into desired cells (Kim J. et al., 2011; Lu et al., 2013; Zhu et al., 2014; Lee et al., 2015). Still, the usage of pluripotency factors may alter the epigenetic and transcriptional aging signatures. The direct reprogramming from blood cells by using SOX2 and C-MYC has been proven to cause a loss of age-related DNA methylation signatures at the early stages of induced neuronal stem cells (iNSCs) which further erode across extended passaging, eventually resembling the methylation profile of iPSC-derived neuronal precursors. Moreover, the epigenetic resetting is accompanied by a lack of age-associated transcriptional signatures and absence of cellular aging hallmarks. iNSCs derived from single colonies display differences in methylation signature suggesting that during the SOX2-dependent direct reprogramming each iNSC undergoes an independent epigenetic reprogramming process (Sheng et al., 2018). Here, we summarize the most relevant updates in neurodegenerative disease modeling by using the iPSC or direct reprogramming strategies (Table 1).



TABLE 1 Disease-associated phenotypes in iPSC-derived and direct reprogramming-derived neurons.
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Parkinson’s disease

PD is a neurodegenerative disorder caused by the progressive loss of DANs in the substantia nigra which manifests with alteration in motility as bradykinesia, resting tremor, rigidity, flexed posture, “freezing,” and loss of postural reflexes (Lees et al., 2009). The generation of DANs from iPSC has allowed the investigation of genetic mutations in the pathogenesis of the disease and has given a proof-of-concept of the beneficial effect of reverting such mutations. Several groups have successfully obtained DANs with specific mutation related to PD starting from patient-specific iPSCs (Nguyen et al., 2011; Seibler et al., 2011; Sánchez-Danés et al., 2012).

These DANs show some of the most common features of PD such as α-synuclein (SNCA) aggregates, overexpression of oxidative stress genes, lower number of neurites, caspase-3 activation (Nguyen et al., 2011; Sánchez-Danés et al., 2012), and upregulation of PGC-1a (Seibler et al., 2011). However, the passage through the state of undifferentiated cells causes the loss of age-related phenotypes, and to overcome this issue, several groups are trying to manipulate iPSC-derived DANs to restore the aging. Lorenz Studer’s group showed a restoration of age identity by overexpressing progerin, a truncated form of lamin A known to be associated with premature aging (Dechat et al., 2008). In iPSC-derived DANs, the overexpression of progerin results in aging-associated phenotypes as abnormal nuclear morphology, DNA damage, and ROS accumulation and more specific PD features as dendritic degeneration, TH expression loss, and Lewy body accumulation (Miller et al., 2013). Later, the same research group adopted another approach which employs the pharmacological inhibition of telomerase starting from the observation that during the process of mDAN differentiation there is a shortening of telomeres.

The treatment with this inhibitor does not interfere with DAN differentiation efficacy but results in neurons with shorter telomeres that mirrors the neuronal aging phenotype (Vera et al., 2016).

In 2015, the analysis of epigenome of iPSC-derived DANs from PD patients has highlighted the role of epigenetic modifications for the development of both monogenic and sporadic disease (Fernández-Santiago et al., 2015). They found that iPSC-derived DANs from PD patients present a DNA methylation enrichment in enhancers elements resulting in downregulation of TFs as FOXA1, NR3C1, HNF4, and FOSL2 which were already associated with the specification of substantia nigra (Ziller et al., 2013). They also found that the alteration of DNA methylation was absent in parental skin cells or iPSC and only reveal upon differentiation into DANs. The PD DAN DNA methylation profile resembles the one of neuronal culture not- enriched-in-DAN indicating a failure to fully acquire the epigenetic identity during the reprogramming (Fernández-Santiago et al., 2015). Kim’s group was able to generate human iNPCs starting from patients’ fibroblasts with familiar LRRK2-associated and sporadic PD. The cells so generated showed a normal ploidy and expressed neuronal precursors markers as N-CAD, PAX6, PLZF, and ZO1 and more mature ones during the differentiation (TH, MAP2, NEUN, SYNAPSIN2). Most importantly, the neurons generated also mimic the pathological features of PD neurons as shown by an enhanced susceptibility to proteasome stress induced by proteasome inhibition treatment which results in increased apoptosis measured both by cell viability and caspase 3 cleavage (Lee et al., 2019). PD patient-derived human iNPCs of Kim’s group also have been used to evaluate the therapeutic efficacy of cryptotanshinone (Lee et al., 2020), a drug that was already reported to prevent oxidative stress injury in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced mouse PD models (Yun et al., 2018). More recently, a breakthrough was made by Drouin-Ouellet et al., who generated functional iDANs from patients with idiopathic PD, showing specific age and PD-related impairments (Drouin-Ouellet et al., 2022).

They focused on autophagic impairments since its functions decrease with age and they have been previously implicated in PD pathophysiology. Both an alteration in baseline chaperone-mediated autophagy and stress-induced autophagy were demonstrated to be present in idiopathic PD-derived iDANs. Importantly, the altered response to starvation was specific to iDANs and was not observed in any other healthy or PD iNs.

To assess how the age-associated properties of the human donors affect PD-related pathology, the Drouin-Ouellet’s group asked whether the accumulation of lysosomal structures in healthy and PD-iNs was associated with the age of the donor (Drouin-Ouellet et al., 2022). In fact, they found a positive correlation between the age and the accumulation of lysosomes in neurites and a tendency toward a positive correlation of the accumulation with age of onset at diagnosis. Moreover, alterations in stress-induced autophagy observed in iNs from idiopathic PD patients led to changes in the levels of phosphorylated SNCA at the serine 129 site, whose accumulation is a hallmark of PD pathology that has been recapitulated for the first time in idiopathic PD. By contrast, any pSer129 SNCA puncta were detected in the resulting iPSC-iNs, supporting that the maintenance of age in iNs is crucial for modeling SNCA pathology in idiopathic forms of PD. Finally, direct reprogramming of DANs that maintain age-related signatures provides a faithful tool to study idiopathic PD (Drouin-Ouellet et al., 2017).



Alzheimer’s disease

AD is the most common neurodegeneration in the elderly. The hallmarks of the AD are the accumulation of amyloid beta (Aβ) plaques, intracellular neurofibrillary tangles of hyperphosphorylated tau, and loss of synaptic connections which result in neuronal death. The disease phenotype is manifested by cognitive decline and behavior changes with memory impairment, language disturbance, and mood swings. Several genetic mutations in amyloid precursor protein (APP), presenilin 1/2 (PS1/2) and apolipoprotein E (APOE) have been associated with pathogenesis of familial AD (fAD). However, genetic cases represent the minority of the cases as most of AD develop as sporadic (sAD) without a clear genetic etiology with risk increasing exponentially with age (Deture and Dickson, 2019) Several groups have reported the successful generation of iPSC-derived neurons from AD patients’ fibroblasts (Yagi et al., 2011; Yahata et al., 2011; Israel et al., 2012; Kondo et al., 2013; Mahairaki et al., 2014; Muratore et al., 2014; Sposito et al., 2015; Ochalek et al., 2017).

Yagi and colleagues pioneered the in vitro modeling of AD by generating neurons from patients with PS1/2 mutation. These neurons display increased levels of amyloid β42 (Aβ42) secretion (Yagi et al., 2011). Later, it was described the generation of neurons with APP mutation from fAD (Israel et al., 2012) and from sAD (Ochalek et al., 2017) patients’ fibroblasts which similarly showed higher levels of Aβ42 followed by τ phosphorylation and GSK-3β activation.

Another important application of iPSC-derived AD neurons was found in drug screening. Their usage has been very useful in deeper understanding of the potential benefits of γ- and β-secretase inhibitors on Aβ accumulation (Yahata et al., 2011; Israel et al., 2012; Kondo et al., 2013; Mahairaki et al., 2014; Muratore et al., 2014).

However, iPSC-dependent AD modeling retains an important limitation as they mostly express the fetal 3R isoform of tau protein. The lack of mature tau could deeply affect the results obtained in terms of reversion of pathological phenotype and drug screening (Sposito et al., 2015). Modeling of AD was also accomplished by direct reprogramming fibroblasts of both fAD and sAD patients.

Fred Gage’s group was able to generate sAD iNs resembling the physiopathological characteristics of the disease with decrease of synapsis and reduction of neuronal functionality. The iNs mirror the gene expression of AD brains with the activation of immature neuronal signaling patterns and induction of cell cycle re-entry (YAP/TAZ, Notch, HIF1a, Nf-kB, c-Myc, p53, and TGF-b). Furthermore, AD iNs display elevated ROS, DNA damage, and aneuploid DNA contents which are responsible of inducing the undifferentiated state of neurons which is an important hallmark of the early stage of AD (Mertens et al., 2021).

Another seminal approach in generating AD iNs by direct reprogramming was described by Gang Pei’s group. They were able to produce chemically induced neuronal cells (chiNs) from human fibroblasts only by using a cocktail of seven small molecules and reach the same results of iPSC-derived iNs in terms of morphology, gene expression, and electrophysiology. They accomplished the direct chemical conversion of fibroblasts derived from fAD patients with APP and PS1 mutations. iNs so generated displayed accumulation of Aβ42 levels in two out of four patient-derived iNs and an accumulation of both phosphorylated and total level of tau in one out of four (Hu et al., 2015).



Amyotrophic lateral sclerosis

ALS is a fatal adult-onset neurodegenerative disease characterized by progressive degeneration of motor neurons (MNs), with approximately 10% of all cases being familial. A multitude of ALS genes was found to be related to the autophagic system, including P62, OPTN, VCP, UBQLN2 and TBK. The remaining 90% of ALS cases are classified as sporadic disease. For these patients, results from family aggregation studies have identified an overlap between ALS and common neurodegenerative disorders, including AD and PD, suggesting the existence of susceptibility genes that might increase the overall risk of neurodegeneration among relatives.

However, attempts to establish the complex genetic basis for sporadic ALS by identifying susceptibility genes have had little success. Apart from genetic susceptibility, cellular aging process takes pivotal roles in the development of ALS, but the mechanisms leading to selective MN loss around the age of onset remain poorly understood (Robberecht and Philips, 2013). This is largely due to the difficulty to obtain patient MNs in order to faithfully recapitulate patient-specific phenotype. Moreover, there is no current approved treatment for the disease, and therapeutics developed with model animals even if proven successful in ALS animals, have failed when translated to clinical trials (Chen et al., 2014). This poses the necessity to use human neurons to accurately recapitulate the specific human cellular physiology and the age-related characteristics of patients’ cells, with the crucial aim of investigating ALS molecular mechanisms and to develop new screening platforms for effective therapeutics.

In this effort, researchers used the iPSC strategy to obtain MNs that harbor ALS mutations. Chen and colleagues generated iPSC lines from fibroblasts that carry mutations in Cu/Zn superoxide dismutase (SOD1) gene, the primary genetic cause identified in both familial and sporadic ALS cases (Chen et al., 2014). They managed to model human ALS beyond the interindividual variability and heterogeneity of the reprogrammed cell population. They used iPSCs from ALS patients with different mutations (D90A and A4V SOD1) and employed transcription activator-like effector nucleases (TALEN)-based homologous recombination to correct the D90A SOD1 mutation as well as to express the same mutation in human ESCs. In addition, they used an iPSC-based reprogramming system that simply adds three small molecules to the initial neuroepithelial differentiation protocol to generate MNs with 90% efficiency of generation overcoming the issue of heterogeneity and immaturity of disease target cells. By using these strategies, they could compare the mutants and controls under the same human genetic background and establish a cause-effect relationship between disease mutations and MN defects. SOD1 mutations emerged as leading cause of selective neurofilament (NF) misregulation in MNs but not in other neurons, leading to NF aggregation, neurite swelling, and axonal degeneration.

Despite representing a useful tool to investigate the molecular mechanisms underlying monogenic forms of ALS, iPSC approach is not suitable to model the late-onset phenotype. By reverting the donor cell age to an embryonic-like state, it is uncertain whether the defects identified in these young neurons resemble those of disease- stage degeneration in adult human patients. In this aspect, direct reprogramming approach appears to be a promising strategy to obtain mature and functional MNs that carry the age status apart from the genetic background of patient donor cells (Tang et al., 2017). Tang and colleagues efficiently generated MNs from iPSCs or directly induced from donor fibroblasts (iMNs) and made a comparative analysis of many aging-associated feature (Tang et al., 2017). They assessed aberrant nuclear morphology and DNA damage by the number of H2AX foci, and measured SA-β-Gal activity, nuclear and chromosome architectures by nuclear lamina-associated protein 2α (LAP2α), H3K9me3 and heterochromatin protein 1γ (HP1γ).

To minimize the potential complications due to methodological variances, the group developed a protocol consisting of the same cocktail of four TFs NSIL (NGN2, SOX11, ISL1, and LHX3) that could be employed to derive MNs both from iPSCs and directly from donor fibroblasts (Tang et al., 2017). Interestingly, they reported equal efficiency of derived neurons irrespective of derived from the iPSCs or donor fibroblasts. iMNs from old donor had a much higher number of cells containing H2AX foci, a dramatic increase in cells positive for SA-β-Gal, and concomitant reduced levels of markers associated with heterochromatin and nuclear organization (LAP2α, H3K9me3, HP1γ). Instead, no differences on aging-associated markers were detected between iPSC-MNs from different aged-cells.

Collectively, these data show that direct reprogramming to MNs preserves the principal aging-associated hallmarks of donor cells, whereas these are reset in MNs after passage through the pluripotent stage (Tang et al., 2017). The study of Liu et al. confirmed direct reprogramming of subtype-specific neurons is a valuable approach for disease modeling and drug screening (Liu et al., 2016). They defined an efficient method to directly obtain mature and functional MNs from adult human patients (hiMNs), which is based on viral transduction of NSIL factors, followed by administration of neuron-induction media containing the extrinsic factors forskolin, dorsomorphin, and basic fibroblast growth factor. These neurons exhibit the cytological and electrophysiological features of spinal MNs and form functional neuromuscular junctions (NMJs) with skeletal muscles. Noteworthy is that hiMNs converted from ALS-patient fibroblasts carrying FUS mutations show disease-specific morphological and functional defects. These were manifested through the soma shrinkage, the mislocalization of FUS protein in the cytosol, survival deficits, dramatic deficits in action potential firing, and the inability to form NMJs. Interestingly, comparing FUS levels and subcellular localization in fibroblasts obtained from both ALS patients and healthy controls failed to detect a significant difference, in sharp contrast to hiMNs, suggesting that upon motor neuronal differentiation, these cells acquire cell-type specific features. Together, the disease phenotypes observed in hiMNs matched the pathological features found in post-mortem tissues.

Finally, the study of Liu and colleagues suggested that patient-specific hiMNs can be employed for drug identification and validation (Liu et al., 2016). In a pilot screen of small molecules that promote the survival of ALS-hiMNs, Kenpaullone emerged as the best candidate drug which can greatly improve the morphology and the survival of patients’ hiMNs, by promoting outgrowth and branching of neuronal processes, and can restore motor neuron excitability.



Huntington’s disease

HD is caused by expansion of CAG repeats in the first exon of the huntingtin (HTT) gene. Mutant HTT is widely expressed and believed to induce neurodegeneration through abnormal interactions with other proteins, leading to many cellular alterations and ultimately cell death (Zuccato et al., 2010). Striatal MSNs expressing dopamine- and cAMP-regulated phosphoprotein (DARPP-32) undergo the greatest degeneration.

As other NDDs, modeling HD has been challenging with animal models since significant differences between rodent and human cells and between non-neuronal cells and neurons exist. Thus, iPSC-derived neurons and iNs from patients with HD have provided precious insights into pathological mechanisms.

Jeon and colleagues obtained striatal MSNs and GABAergic neurons from iPSC-derived from patients with a juvenile form of HD (Jeon et al., 2012). Although the differentiation of MSNs was finely assessed by the immunostaining of lateral ganglionic eminence progenitors specific-markers (GSH-2 and DLX2) and MSNs marker DARPP-32, the concrete value of the reprogrammed cells for disease modeling is questionable. By using an antibody which selectively binds to the toxic N-terminal fragment of the mutant HTT (EM48), they examined whether iPSC-derived neurons develop huntingtin aggregates, a neuropathological hallmark of HD, after differentiation or intracerebral transplantation.

Surprisingly, no EM48-positive aggregates were found in cultured or grafted HD-iPSC-derived cells, presumably because of the reprogramming process to obtain iPSCs which might have affected the development of a cellular HD phenotype. An alternative explanation may be that HD-iPSCs show slow protracted huntingtin aggregate formation and such aggregates might develop at later stages of transplantation. To test this hypothesis, HD iPSC-neural precursor cells (NPC) grafted into the lateral ventricle of mice were analyzed for EM48 expression after longer time survival (at 33 weeks and 40 weeks), showing that huntingtin aggregation was evident at these stages. However, it should be considered that this model reproduces a juvenile form of disease characterized by 72 repeats and this result is not representative for modeling of late-onset forms caused by a lower number of repeats. In fact, both genetics and age contribute to HD pathology, considering that the CAG repeat expansion in HTT correlates with age of disease onset, and disease manifestation is more prevalent with increasing age, independent of CAG repeat length. iPSC-based strategies to obtain MSNs are certainly useful for HD forms in which the genetic factor is predominant, but these may lack precious information such as the age signature of donor cells and impact the disease phenotype observed especially for late-onset diseases. Microarray profiling of 14 iPSC lines from HD patients revealed gene expression patterns that distinguish early onset versus late-onset HD, and revealed that transcriptional changes specifically associated with HD pathogenesis were only present in lines carrying longer repeats (Mattis et al., 2012). Instead, pathways not previously associated with HD pathogenesis, such as changes in calcium signaling, showed effects specific to the 60-repeat range. These data suggest that iPSC-based technology may be unsuitable to reproduce all the features of late-onset HD carrying lower CAG repeats, and it is consistent with previous studies reporting only an enhanced lysosomal activity (Camnasio et al., 2012), but not an evident HD phenotype in neurons derived from iPSCs of HD patients.

By contrast, neuron-like cells directly converted from HD patient fibroblasts obtained through modulation of cell-lineage-specific TFs or RNA processing, were found to recapitulate the major aspects of neuropathological characteristics of HD, including mutant HTT aggregation, as assessed by immunostaining with EM48, increased cell death upon neural differentiation and abnormal neurite outgrowth and branching which is in accordance with a previous in vivo study in which abnormal dendritic arbors and increased dendritic branching in spiny striatal neurons were identified in post-mortem HD patients’ brain sections (Liu et al., 2014a). Consistently, another investigation reported mutant HTT aggregates, mutant HTT-dependent DNA damage, mitochondrial dysfunction, and spontaneous degeneration in MSNs directly derived from patients’ fibroblasts carrying CAG repeats lower than 50, as this range reflects most adult-onset cases (Victor et al., 2018). The same group demonstrated that iPSC-based protocol alters mutant HTT aggregation propensity. They derived HD-iPSCs from adult HD fibroblasts and differentiated these iPSCs back into embryonic fibroblast-like cells (HEFs). Upon direct conversion of HD-HEFs to MSNs little to no aggregated mutant HTT was detectable in these cells. More importantly, ubiquitin proteasome system (UPS), the main protein quality control machinery in the cell, was collapsed in HD-MSNs in comparison to embryonic MSNs, which retained the proteasome activity comparable to iPSCs. In addition, by comparing gene expression in young versus old fibroblasts and MSNs, fibroblasts did not display drastic changes in the expression of UPS-related genes with age, but MSNs from older individuals showed a dramatic increase in the number of downregulated UPS-related genes (Victor et al., 2018). The data suggest that the proteostasis collapse in adult MSNs, but not in originating fibroblasts or iPSC-derived neurons, is dependent on the cellular age of converted neurons (Victor et al., 2018). Therefore, age retention is crucial for HD modeling since the age-associated decline in proteostasis, which in turn reflects the downstream mutant HTT aggregates, is absent in iPSC-derived neurons. Eventually, mutant HTT aggregation is responsible for other HD-associated hallmarks, including increased DNA damage followed by spontaneous degeneration.

More direct evidence on the contribution of aging in HD phenotype manifestation was then provided by investigating the properties of MSNs reprogrammed from HD-fibroblasts sampled before the disease onset Pre-HD-MSNs. These neurons appeared less vulnerable to mHTT-induced toxicity, with lower levels of cell death and oxidative DNA damage, even though they still contained mutant HTT aggregates at a similar level as symptomatic HD-MSNs (Victor et al., 2018).

Therefore, directly converted HD-MSNs provide a human cellular model more suitable for examining the contribution of age and genetic factors to late-onset diseases. DARPP32+ neurons derived from adult-onset HD patients with clinically relevant CAG repeat lengths (41Q–57Q) showed a direct relationship between BDNF protein expression, CAG repeat length, and disease onset (Monk et al., 2021). BDNF plays a key role in the differentiation and maturation of striatal MSNs, with reduced BDNF signaling strongly implicated in HD neuropathogenesis. The protein expression negatively correlated to CAG repeat length and positively correlated to age of symptoms onset at days 30 and 45 of differentiation. Thus, at the individual patient level, BDNF levels directly relate to key HD pathological features, which can be modeled using direct-to-iNP reprogramming. Another age-associated hallmark in HD is the increase in epigenetic aging rates, which was previously described in post-mortem brain tissues (Steve Horvath et al., 2016). Since directly converted neurons from HD patients retain the age of donor cell (Pircs et al., 2022), this factor was investigated in this neuronal model. Pircs and colleagues examined the epigenetic age and confirmed a significantly increased DNA methylation predicted biological age in neurons induced from HD patients with respect to the control neurons (Pircs et al., 2022).

Interestingly, this model helped to unveil many of the molecular mechanisms underlying autophagic impairment, a factor widely associated with HD pathogenesis, and pointed to a combination of age-related epigenetic alterations and mutant HTT-mediated post transcriptional processes as a potential explanation for these defects.

Exactly how aging and the epigenetic alterations impact the disease pathology and autophagy impairments is currently unknown, but this model will allow further investigation of mechanistic links between these phenomena.




Current achievements and prospects

Aging hallmarks represent important contributors to neurodegeneration development and each aging feature differentially interacts with genetic and environmental factors in disease progression and manifestation. Also, its effect is related to the subtype-specific cell type/neuron (Kim et al., 2018; Victor et al., 2018; Pircs et al., 2022), underpinning the distinct involvement of aging in different NDDs. The relevance of age for late-onset NDDs development has been pictorially illustrated in Figure 3. Modeling neurodegeneration has been challenging due to the difficult accessibility in a source of human cells that could serve as a platform to study molecular mechanisms and test pharmacological treatments.
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FIGURE 3
 Patients’ fibroblast can be converted into neurons via induced pluripotent stem cell (iPSC)-based reprogramming (left) or direct reprogramming (right). Both the approaches allow to obtain human neuronal models of neurodegenerative diseases, including Parkinson’s disease (PD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD). However, neurons and neuronal subtypes derived from iPSCs do not retain the main aging hallmarks of donor fibroblasts which are required for a reliable model of late-onset neurodegeneration. The induction of pluripotency reverts the cell age to an embryonic-like state, resetting epigenetic age, mitochondrial function, telomeres length, and proteostasis. Instead, direct reprogramming of induced neurons (iNs) bypasses the pluripotent intermediate state and retains the age of patients’ fibroblasts.


In this scenario, iPSC differentiation and direct neural conversion methods have emerged as promising and relatively reliable tools to obtain neurons that can recapitulate human disease phenotypes in vitro. However, iPSC-based technologies were reported to lack the aging signature of donor cell lines and to revert the cellular age to an embryonic-like state. The induction of pluripotency before neural differentiation restores age-associated cellular features, including epigenetic age, mitochondrial functions, telomere length, and proteostasis (Maherali et al., 2007; Meissner et al., 2008; Lapasset et al., 2011; Mertens et al., 2015).

Cell rejuvenation occurring in iPSCs and iPSC-derived neurons limits their use for disease modeling, since in some cases, they lack an overt disease-associated phenotype (Zhang et al., 2011; Camnasio et al., 2012; Mattis et al., 2012), whereas in other investigations, it is still uncertain whether the defects identified in young neurons resemble those of disease-stage degeneretion in adult human patients.

Neurons resemble those of disease-stage degeneration in adult human patients (Chen et al., 2014). In the attempts of including aging features in iPSC-derived neurons to study late-onset diseases, some researchers used brief progerin exposure, a truncated form of lamin A involved in premature aging (Miller et al., 2013).

Despite observing several age- and PD-related phenotypes not seen in previous iPSC studies, the question of whether targeting pathways that trigger progeroid syndromes mimics pathological over physiological aging remains elusive.

A more physiological approach exploited telomere shortening, but only a preliminary disease-related feature such as TH loss was observed in PD-iPSC-derived neurons and a wider characterization of the effects on disease manifestation is required to confirm the validity of this approach (Vera et al., 2016).

Apart from NDD modeling, a new wave of studies has been performed in the field of iPSC-related rejuvenation, which may have the potential for application in cell replacement therapy of age-related diseases. Recent studies are focusing on the “transient reprogramming” strategy, in which OKSM factors are briefly expressed in order to restore epigenetic age while retaining starting cell identity, raising the possibility of inducing cell rejuvenation in vivo (Olova et al., 2019; Gill et al., 2022). Directly induced neurons appear the most suitable strategy to model late-onset NDDs. Retaining all the main aging hallmarks of primary fibroblasts, iNs have proven to recapitulate age-related features in PD models (Lee et al., 2019, 2020; Drouin-Ouellet et al., 2022), ALS (Liu et al., 2016), and HD (Liu et al., 2014b; Victor et al., 2018; Monk et al., 2021; Pircs et al., 2022).

A major hurdle for the use of iNs for studying age-related diseases is the poor reproducibility and efficiency. The development of a platform to study NDDs and to find potential drugs requires an adequate number of reproducible cells. Translating the tool to a larger scale is challenging by using a direct neural conversion protocol, since it does not include a highly expandable intermediate stage and the neurons generated are postmitotic. The expandable phase of iN conversion depends entirely on the proliferation of fibroblasts, whereas the resultant yield of iNs strictly depends on the conversion rate. This also brings to a higher degree of variability in the converted cells due to the absence of clone selection. In contrast, iPSCs, once derived, can theoretically be expanded infinitely, making them suitable for the generation of large numbers of neurons for subsequent applications that require relatively large amounts of material, such as drug screening.

Direct conversion approach can be used from patients’ fibroblasts (Victor et al., 2018; Capano et al., 2022; Drouin-Ouellet et al., 2022; Pircs et al., 2022) and some evidence demonstrates that cells from all ages can be converted into iNs (Mertens et al., 2015). Noteworthy, a general difficulty in reaching equal conversion rates from adult or aged fibroblasts has been reported (Caiazzo et al., 2011; He et al., 2019), finally limiting the applicability of direct reprogramming for studying aging contribution in neurodegeneration. Improvements in conversion efficiencies especially from aged donors are needed before iN-based models can be translatable to large-scale investigations and pharmacological drug discovery in the treatment of age-related NDDs.

Interestingly, several studies are recently highlighting new molecular mechanisms involved in direct conversion process, therefore paving the way toward its optimization (Xie et al., 2018; Matsuda et al., 2019; Della Valle et al., 2020). Recently, Della Valle and colleagues proved that L1 retrotransposons are re-activated during the early stages of direct conversion in fully differentiated iDANs and inserted in specific regions of the genome relevant for neuronal lineage commitment and function (Della Valle et al., 2020). L1 retrotransposition is associated with increased chromatin accessibility and nearby lncRNA production in recipient loci. Moreover, blocking of L1 dynamics severely impairs the efficiency of iDAN transdifferentiation, suggesting that L1 retrotransposons are regulatory elements that elicit the expression of novel noncoding transcripts through chromatin remodeling. This confirms the role of both epigenetic mechanisms and non-coding RNAs (Pascale et al., 2022) in direct neural reprogramming and paves the way for a better understanding of the epigenetic mechanisms and their mechanistic link with downstream activation of lineage-specific genetic programs which can improve direct cell reprogramming-based technologies for future applications.



Author contributions

SA, CC, and MC contributed to conception and design of the article. CC created the table. SA created the figure. SA and CC wrote the first draft of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the H2020-FETOPEN-2018-2019-2020-01 ENLIGHT, Project number: 964497.



Acknowledgments

Figures were created with BioRender.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Addis, R. C., Hsu, F. C., Wright, R. L., Dichter, M. A., Coulter, D. A., and Gearhart, J. D. (2011). Efficient conversion of astrocytes to functional midbrain dopaminergic neurons using a single Polycistronic vector. PLoS One 6:e28719. doi: 10.1371/journal.pone.0028719 

 Apostolou, E., and Hochedlinger, K. (2013). Chromatin dynamics during cellular reprogramming. Nature 502, 462–471. doi: 10.1038/nature12749 

 Aubert, G., and Lansdorp, P. M. (2008). Telomeres and aging. Physiol. Rev. 88, 557–579. doi: 10.1152/physrev.00026.2007

 Bar-Nur, O., Russ, H. A., Efrat, S., and Benvenisty, N. (2011). Epigenetic memory and preferential lineage-specific differentiation in induced pluripotent stem cells derived from human pancreatic islet Beta cells. Cell Stem Cell 9, 17–23. doi: 10.1016/j.stem.2011.06.007 

 Booth, L. N., and Brunet, A. (2016). The aging epigenome. Mol. Cell 62, 728–744. doi: 10.1016/j.molcel.2016.05.013 

 Caiazzo, M., Dell’Anno, M. T., Dvoretskova, E., Lazarevic, D., Taverna, S., Leo, D., et al. (2011). Direct generation of functional dopaminergic neurons from mouse and human fibroblasts. Nature 476, 224–227. doi: 10.1038/nature10284 

 Camnasio, S., Carri, A. D., Lombardo, A., Grad, I., Mariotti, C., Castucci, A., et al. (2012). The first reported generation of several induced pluripotent stem cell lines from homozygous and heterozygous Huntington’s disease patients demonstrates mutation related enhanced lysosomal activity. Neurobiol. Dis. 46, 41–51. doi: 10.1016/j.nbd.2011.12.042 

 Campisi, J., and Vijg, J. (2009). Does damage to DNA and other macromolecules play a role in aging? If so how? J. Gerontol.-Ser. A Biol. Sci. Med. Sci. 64:175. doi: 10.1093/gerona/gln065 

 Capano, L. S., Sato, C., Ficulle, E., Yu, A., Horie, K., Kwon, J. S., et al. (2022). Recapitulation of endogenous 4R tau expression and formation of insoluble tau in directly reprogrammed human neurons. Cell Stem Cell 29, 918–932.e8; 583 doi: 10.1016/j.stem.2022.04.018 

 Chambers, S. M., Fasano, C. A., Papapetrou, E. P., Tomishima, M., Sadelain, M., and Studer, L. (2009). Highly efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling. Nat. Biotechnol. 27, 275–280. doi: 10.1038/nbt.1529 

 Chen, H., Qian, K., Du, Z., et al. (2014). Modeling ALS with IPSCs reveals that mutant SOD1 Misregulates Neurofilament balance in motor neurons. Cell Stem Cell 14, 796–809. doi: 10.1016/j.stem.2014.02.004

 Dechat, T., Pfleghaar, K., Sengupta, K., Shimi, T., Shumaker, D. K., Solimando, L., et al. (2008). Nuclear Lamins: major factors in the structural organization and function of the nucleus and chromatin. Genes Dev. 22, 832–853. doi: 10.1101/gad.1652708

 Della Valle, F., Thimma, M. P., Caiazzo, M., et al. (2020). Transdifferentiation of mouse embryonic fibroblasts into dopaminergic neurons reactivates LINE-1 repetitive elements. Stem Cell Rep. 14, 60–74. doi: 10.1016/j.stemcr.2019.12.002

 Deture, M. A., and Dickson, D. W. (2019). The neuropathological diagnosis of Alzheimer’s disease. Mol. Neurodegener. 14:32. doi: 10.1186/s13024-019-0333-5 

 Di Val, R., Cervo, P., Romanov, R. A., Spigolon, G., et al. (2017). Induction of functional dopamine neurons from human astrocytes in vitro and mouse astrocytes in a Parkinson’s disease model. Nat. Biotechnol. 35, 444–452. doi: 10.1038/nbt.3835

 Dimos, J. T., Rodolfa, K. T., Niakan, K. K., Weisenthal, L. M., Mitsumoto, H., Chung, W., et al. (2008). Induced pluripotent stem cells generated from patients with ALS can be differentiated into motor neurons. Science 321, 1218–1221. doi: 10.1126/science.1158799

 Drouin-Ouellet, J., Legault, E. M., Nilsson, F., Pircs, K., Bouquety, J., Petit, F., et al. (2022). Age-related pathological impairments in directly reprogrammed dopaminergic neurons derived from patients with idiopathic Parkinson’s disease. Stem Cell Rep. 17, 2203–2219. doi: 10.1016/j.stemcr.2022.08.010 

 Drouin-Ouellet, J., Pircs, K., Barker, R. A., Jakobsson, J., and Parmar, M. (2017). Direct neuronal reprogramming for disease modeling studies using patient-derived neurons: what have we learned? Front. Neurosci. 11:530. doi: 10.3389/fnins.2017.00530 

 Fernández-Santiago, R., Carballo-Carbajal, I., Castellano, G., Torrent, R., Richaud, Y., Sánchez-Danés, A., et al. (2015). Aberrant epigenome in IPSC - derived dopaminergic neurons from Parkinson’s disease patients. EMBO Mol. Med. 7, 1529–1546. doi: 10.15252/emmm.201505439 

 Gill, D., Parry, A., Santos, F., Okkenhaug, H., Todd, C. D., Hernando-Herraez, I., et al. (2022). Multi-omic rejuvenation of human cells by maturation phase transient reprogramming. elife 11:e71624. doi: 10.7554/eLife.71624

 Gladyshev, V. N. (2016). Aging: progressive decline in fitness due to the rising Deleteriome adjusted by genetic, environmental, and stochastic processes. Aging Cell 15, 594–602. doi: 10.1111/acel.12480 

 Gudenschwager, C., Chavez, I., Cardenas, C., et al. (2021). Directly reprogrammed human neurons to understand age-related energy metabolism impairment and mitochondrial dysfunction in healthy aging and neurodegeneration. Oxidative Med. Cell. Longev. 2021, 1–14. doi: 10.1155/2021/5586052

 Guo, J. U., Yijing, S., Shin, J. H., Shin, J., Li, H., Xie, B., et al. (2014). Distribution, recognition and regulation of non-CpG methylation in the adult mammalian brain. Nat. Neurosci. 17, 215–222. doi: 10.1038/nn.3607 

 He, Y., and Ecker, J. R. (2015). Non-CG methylation in the human genome. Annu. Rev. Genomics Hum. Genet. 16, 55–77. doi: 10.1146/annurev-genom-090413-025437

 He, M., Zhang, H., Li, Y., Tian, C., Tang, B., Huang, Y., et al. (2019). Direct and selective lineage conversion of human fibroblasts to dopaminergic precursors. Neurosci. Lett. 699, 16–23. doi: 10.1016/j.neulet.2019.01.033 

 Horvath, S. (2013). DNA methylation age of human tissues and cell types. Genome Biol. 14:R115. doi: 10.1186/gb-2013-14-10-r115

 Horvath, S., Langfelder, P., Kwak, S., Aaronson, J., Rosinski, J., Vogt, T. F., et al. (2016). Huntington's disease accelerates epigenetic aging of human brain and disrupts DNA methylation levels. Aging (Albany NY) 8, 1485–1512. doi: 10.18632/aging.101005 

 Horvath, S., and Raj, K. (2018). DNA methylation-based biomarkers and the epigenetic clock theory of ageing. Nat. Rev. Genet. 19, 371–384. doi: 10.1038/s41576-018-0004-3 

 Hu, W., Qiu, B., Guan, W., Wang, Q., Wang, M., Li, W., et al. (2015). Direct conversion of Normal and Alzheimer’s disease human fibroblasts into neuronal cells by small molecules. Cell Stem Cell 17, 204–212. doi: 10.1016/j.stem.2015.07.006 

 Huh, C. J., Zhang, B., Victor, M. B., et al. (2016). Maintenance of age in human neurons generated by micro RNA-based neuronal conversion of fibroblasts. elife 5:e18648. doi: 10.7554/eLife.18648

 Israel, M. A., Yuan, S. H., Bardy, C., Reyna, S. M., Mu, Y., Herrera, C., et al. (2012). Probing sporadic and familial Alzheimer’s disease using induced pluripotent stem cells. Nature 482, 216–220. doi: 10.1038/nature10821 

 Jeon, I., Lee, N., Li, J. Y., et al. (2012). Neuronal properties, in vivo effects, and pathology of a Huntington’s disease patient-derived induced pluripotent stem cells. Stem Cells 30, 2054–2062. doi: 10.1002/stem.1135

 Jiang, H., Xu, Z., Zhong, P., Ren, Y., Liang, G., Schilling, H. A., et al. (2015). Cell cycle and P 53 gate the direct conversion of human fibroblasts to dopaminergic neurons. Nat. Commun. 6:6. doi: 10.1038/ncomms10100 

 Kim, J., Ambasudhan, R., and Ding, S. (2012). Direct lineage reprogramming to neural cells. Curr. Opin. Neurobiol. 22, 778–784. doi: 10.1016/j.conb.2012.05.001

 Kim, J., Efe, J. A., Zhu, S., Talantova, M., Yuan, X., Wang, S., et al. (2011). Direct reprogramming of mouse fibroblasts to neural progenitors. Proc. Natl. Acad. Sci. U. S. A. 108, 7838–7843. doi: 10.1073/pnas.1103113108 

 Kim, K., Zhao, R., Doi, A., Ng, K., Unternaehrer, J., Cahan, P., et al. (2011). Donor cell type can influence the epigenome and differentiation potential of human induced pluripotent stem cells. Nat. Biotechnol. 29, 1117–1119. doi: 10.1038/nbt.2052 

 Kim, Y., Zheng, X., Ansari, Z., Bunnell, M. C., Herdy, J. R., Traxler, L., et al. (2018). Mitochondrial aging defects emerge in directly reprogrammed human neurons due to their metabolic profile. Cell Rep. 23, 2550–2558. doi: 10.1016/j.celrep.2018.04.105

 Kondo, T., Asai, M., Tsukita, K., Kutoku, Y., Ohsawa, Y., Sunada, Y., et al. (2013). Modeling Alzheimer’s disease with IPSCs reveals stress phenotypes associated with intracellular Aβ and differential drug responsiveness. Cell Stem Cell 12, 487–496. doi: 10.1016/j.stem.2013.01.009 

 Kriks, S., Shim, J. W., Piao, J., Ganat, Y. M., Wakeman, D. R., Xie, Z., et al. (2011). Dopamine neurons derived from human ES cells efficiently engraft in animal models of Parkinson’s disease. Nature 480, 547–551. doi: 10.1038/nature10648 

 Kume, K., Kikukawa, M., Hanyu, H., Takata, Y., Umahara, T., Sakurai, H., et al. (2012). Telomere length shortening in patients with dementia with Lewy bodies. Eur. J. Neurol. 19, 905–910. doi: 10.1111/j.1468-1331.2011.03655.x 

 Lapasset, L., Milhavet, O., Prieur, A., Besnard, E., Babled, A., Aït-Hamou, N., et al. (2011). Rejuvenating senescent and centenarian human cells by reprogramming through the pluripotent state. Genes Dev. 25, 2248–2253. doi: 10.1101/gad.173922.111

 Lee, J. H., Mitchell, R. R., McNicol, J. D., et al. (2015). Single transcription factor conversion of human blood fate to NPCs with CNS and PNS developmental capacity. Cell Rep. 11, 1367–1376. doi: 10.1016/j.celrep.2015.04.056 

 Lee, M., Sim, H., Ahn, H., Ha, J., Baek, A., Jeon, Y. J., et al. (2019). Direct reprogramming to human induced neuronal progenitors from fibroblasts of familial and sporadic Parkinson’s disease patients. Int. J. Stem Cells 12, 474–483. doi: 10.15283/ijsc19075 

 Lee, J. E., Sim, H., Yoo, H. M., Lee, M., Baek, A., Jeon, Y. J., et al. (2020). Neuroprotective effects of Cryptotanshinone in a direct reprogramming model of Parkinson’s disease. Molecules 25:3602. doi: 10.3390/molecules25163602 

 Lees, A. J., Hardy, J., and Revesz, T. (2009). Parkinson’s disease. Lancet 373, 2055–2066. doi: 10.1016/S0140-6736(09)60492-X

 Lister, R., Mukamel, E. A., Nery, J. R., Urich, M., Puddifoot, C. A., Johnson, N. D., et al. (2013). Global epigenomic reconfiguration during mammalian brain development. Science 341:1237905. doi: 10.1126/science.1237905 

 Lister, R., Pelizzola, M., Kida, Y. S., David Hawkins, R., Nery, J. R., Hon, G., et al. (2011). Hotspots of aberrant Epigenomic reprogramming in human induced pluripotent stem cells. Nature 471, 68–73. doi: 10.1038/nature09798 

 Liu, X. J., Huang, Q., Li, F., and Li, C. Y. (2014a). Enhancing the efficiency of direct reprogramming of human primary fibroblasts into dopaminergic neuron-like cells through P 53 suppression. Sci. China Life Sci. 57, 867–875. doi: 10.1007/s11427-014-4730-2 

 Liu, X., Li, F., Stubblefield, E. A., Blanchard, B., Richards, T. L., Larson, G. A., et al. (2012). Direct reprogramming of human fibroblasts into dopaminergic neuron-like cells. Cell Res. 22, 321–332. doi: 10.1038/cr.2011.181

 Liu, Y., Xue, Y., Ridley, S., Zhang, D., Rezvani, K., Fu, X. D., et al. (2014b). Direct reprogramming of Huntington’s disease patient fibroblasts into neuron-like cells leads to abnormal neurite outgrowth, increased cell death, and aggregate formation. PLoS One 9:e109621. doi: 10.1371/journal.pone.0109621 

 Liu, M. L., Zang, T., and Zhang, C. L. (2016). Direct lineage reprogramming reveals disease-specific phenotypes of motor neurons from human ALS patients. Cell Rep. 14, 115–128. doi: 10.1016/j.celrep.2015.12.018

 Lu, Y., Brommer, B., Tian, X., Krishnan, A., Meer, M., Wang, C., et al. (2020). Reprogramming to recover youthful epigenetic information and restore vision. Nature 588, 124–129. doi: 10.1038/s41586-020-2975-4 

 Lu, J., Liu, H., Huang, C. T. L., Chen, H., du, Z., Liu, Y., et al. (2013). Generation of integration-free and region-specific neural progenitors from primate fibroblasts. Cell Rep. 3, 1580–1591. doi: 10.1016/j.celrep.2013.04.004 

 Luo, C., Lee, Q. Y., Wapinski, O., Castanon, R., Nery, J. R., Mall, M., et al. (2019). Global DNA methylation remodeling during direct reprogramming of fibroblasts to neurons. elife 8:e40197. doi: 10.7554/eLife.40197 

 Mahairaki, V., Ryu, J., Peters, A., Chang, Q., Li, T., Park, T. S., et al. (2014). Induced pluripotent stem cells from familial Alzheimer’s disease patients differentiate into mature neurons with Amyloidogenic properties. Stem Cells Dev. 23, 2996–3010. doi: 10.1089/scd.2013.0511 

 Maherali, N., Sridharan, R., Xie, W., Utikal, J., Eminli, S., Arnold, K., et al. (2007). Directly reprogrammed fibroblasts show global epigenetic remodeling and widespread tissue contribution. Cell Stem Cell 1, 55–70. doi: 10.1016/j.stem.2007.05.014

 Maroof, A. M., Keros, S., Tyson, J. A., Ying, S. W., Ganat, Y. M., Merkle, F. T., et al. (2013). Directed differentiation and functional maturation of cortical interneurons from human embryonic stem cells. Cell Stem Cell 12, 559–572. doi: 10.1016/j.stem.2013.04.008 

 Martin, S., Poppe, D., Olova, N., O’Leary, C., Ivanova, E., Pflueger, J., et al. (2020). Conserved and divergent features of DNA methylation in embryonic stem cell-derived neurons. BioRxiv 2020:898429. doi: 10.1101/2020.01.08.898429

 Martin-Ruiz, C., Dickinson, H. O., Keys, B., Rowan, E., Kenny, R. A., and von Zglinicki, T. (2006). Telomere length predicts Poststroke mortality, dementia, and cognitive decline. Ann. Neurol. 60, 174–180. doi: 10.1002/ana.20869 

 Matsuda, T., Irie, T., Katsurabayashi, S., Hayashi, Y., Nagai, T., Hamazaki, N., et al. (2019). Pioneer Factor NeuroD1 Rearranges Transcriptional and Epigenetic Profiles to Execute Microglia-Neuron Conversion. Neuron 101:472-485.e7. doi: 10.1016/j.neuron.2018.12.010

 Mattis, V. B., Svendsen, S. P., Ebert, A., et al. (2012). Induced pluripotent stem cells from patients with Huntington’s disease show CAG repeat expansion associated phenotypes. Cell Stem Cell 11, 264–278. doi: 10.1016/j.stem.2012.04.027

 Meissner, A., Mikkelsen, T. S., Gu, H., Wernig, M., Hanna, J., Sivachenko, A., et al. (2008). Genome-scale DNA methylation maps of pluripotent and differentiated cells. Nature 454, 766–770. doi: 10.1038/nature07107 

 Mertens, J., Herdy, J. R., Traxler, L., Schafer, S. T., Schlachetzki, J. C. M., Böhnke, L., et al. (2021). Age-dependent instability of mature neuronal fate in induced neurons from Alzheimer’s patients. Cell Stem Cell 28, 1533–1548.e6. doi: 10.1016/j.stem.2021.04.004

 Mertens, J., Paquola, A. C. M., Ku, M., Hatch, E., Böhnke, L., Ladjevardi, S., et al. (2015). Directly reprogrammed human neurons retain aging-associated transcriptomic signatures and reveal age-related nucleocytoplasmic defects. Cell Stem Cell 17, 705–718. doi: 10.1016/j.stem.2015.09.001 

 Mertens, J., Reid, D., Lau, S., Kim, Y., and Gage, F. H. (2018). Aging in a dish: IPSC-derived and directly induced neurons for studying brain aging and age-related neurodegenerative diseases. Annu. Rev. Genet. 52, 271–293. doi: 10.1146/annurev-genet-120417-031534 

 Miller, J. D., Ganat, Y. M., Kishinevsky, S., Bowman, R. L., Liu, B., Tu, E. Y., et al. (2013). Human IPSC-based modeling of late-onset disease via Progerin-induced aging. Cell Stem Cell 13, 691–705. doi: 10.1016/j.stem.2013.11.006

 Mo, A., Mukamel, E. A., Davis, F. P., Luo, C., Henry, G. L., Picard, S., et al. (2015). Epigenomic signatures of neuronal diversity in the mammalian brain. Neuron 2015 86, 1369–1384. doi: 10.1016/j.neuron.2015.05.018

 Monk, R., Lee, K., Jones, K. S., and Connor, B. (2021). Directly reprogrammed Huntington’s disease neural precursor cells generate striatal neurons exhibiting aggregates and impaired neuronal maturation. Stem Cells 39, 1410–1422. doi: 10.1002/stem.3420

 Muratore, C. R., Rice, H. C., Srikanth, P., Callahan, D. G., Shin, T., Benjamin, L. N. P., et al. (2014). The familial Alzheimer’s disease APPV717I mutation alters APP processing and tau expression in IPSC-derived neurons. Hum. Mol. Genet. 23, 3523–3536. doi: 10.1093/hmg/ddu064 

 Nguyen, H. N., Byers, B., Cord, B., Shcheglovitov, A., Byrne, J., Gujar, P., et al. (2011). LRRK2 mutant IPSC-derived Da neurons demonstrate increased susceptibility to oxidative stress. Cell Stem Cell 8, 267–280. doi: 10.1016/j.stem.2011.01.013 

 Oberdoerffer, P., and Sinclair, D. A. (2007). The role of nuclear architecture in genomic instability and ageing. Nat. Rev. Mol. Cell Biol. 8, 692–702. doi: 10.1038/nrm2238

 Ochalek, A., Mihalik, B., Avci, H. X., Chandrasekaran, A., Téglási, A., Bock, I., et al. (2017). Neurons derived from sporadic Alzheimer’s disease IPSCs reveal elevated TAU hyperphosphorylation, increased amyloid levels, and GSK3B activation. Alzheimers Res. Ther. 9:90. doi: 10.1186/s13195-0170317z 

 Olova, N., Simpson, D. J., Marioni, R. E., and Chandra, T. (2019). Partial reprogramming induces a steady decline in epigenetic age before loss of somatic identity. Aging Cell 18:e12877. doi: 10.1111/acel.12877 

 Osafune, K., Caron, L., Borowiak, M., Martinez, R. J., Fitz-Gerald, C. S., Sato, Y., et al. (2008). Marked differences in differentiation propensity among human embryonic stem cell lines. Nat. Biotechnol. 26, 313–315. doi: 10.1038/nbt1383 

 Park, H., Kim, H., Yoo, J., Lee, J., Choi, H., Baek, S., et al. (2015). Homogeneous generation of IDA neurons with high similarity to Bona fide DA neurons using a drug inducible system. Biomaterials 72, 152–162. doi: 10.1016/j.biomaterials.2015.09.002 

 Pascale, E., Caiazza, C., Paladino, M., Parisi, S., Passaro, F., and Caiazzo, M. (2022). Micro RNA roles in cell reprogramming mechanisms. Cells 11:940. doi: 10.3390/cells11060940

 Pfisterer, U., Kirkeby, A., Torper, O., Wood, J., Nelander, J., Dufour, A., et al. (2011). Direct conversion of human fibroblasts to dopaminergic neurons. Proc. Natl. Acad. Sci. U. S. A. 108, 10343–10348. doi: 10.1073/pnas.1105135108 

 Pircs, K., Drouin-Ouellet, J., Horváth, V., Gil, J., Rezeli, M., Garza, R., et al. (2022). Distinct subcellular autophagy impairments in induced neurons from patients with Huntington’s disease. Brain 145, 3035–3057. doi: 10.1093/brain/awab473

 Prigione, A., Hossini, A. M., Lichtner, B., Serin, A., Fauler, B., Megges, M., et al. (2011). Mitochondrial-associated cell death mechanisms reset to an embryonic-like state in aged donor derived IPS cells harboring chromosomal aberrations. PLoS One 6:e27352. doi: 10.1371/journal.pone.0027352 

 Robberecht, W., and Philips, T. (2013). The changing scene of amyotrophic lateral sclerosis. Nat. Rev. Neurosci. 14, 248–264. doi: 10.1038/nrn3430 

 Roessler, R., Smallwood, S. A., and Veenvliet, J. V., et al. (2014). Detailed analysis of the genetic and epigenetic signatures of IPSCs-derived Mesodiencephalic dopaminergic neurons. Stem Cell Rep. 2: 520–533; doi: 10.1016/j.stemcr.2014.03.001 

 Sánchez-Danés, A., Richaud-Patin, Y., Carballo-Carbajal, I., Jiménez-Delgado, S., Caig, C., Mora, S., et al. (2012). Disease-specific phenotypes in dopamine neurons from human IPS-based models of genetic and sporadic Parkinson’s disease. EMBO Mol. Med. 4, 380–395. doi: 10.1002/emmm.201200215 

 Seibler, P., Graziotto, J., Jeong, H., Simunovic, F., Klein, C., and Krainc, D. (2011). Mitochondrial Parkin recruitment is impaired in neurons derived from mutant PINK1 induced pluripotent stem cells. J. Neurosci. 31, 5970–5976. doi: 10.1523/JNEUROSCI.4441-10.2011 

 Sen, T., and Thummer, R. P. (2022). CRISPR and iPSCs: recent developments and future perspectives in neurodegenerative disease modelling, research, and therapeutics. Neurotox. Res. 40, 1597–1623. doi: 10.1007/s12640-022-00564-w 

 Sheng, C., Jungverdorben, J., Wiethoff, H., Lin, Q., Flitsch, L. J., Eckert, D., et al. (2018). A stably self-renewing adult blood-derived induced neural stem cell exhibiting Patternability and epigenetic rejuvenation. Nat. Commun. 9:4047. doi: 10.1038/s41467-018-06398-5

 Smith, D. K., Yang, J., Liu, M. L., and Zhang, C. L. (2016). Small molecules modulate chromatin accessibility to promote NEUROG2-mediated fibroblast-to-neuron reprogramming. Stem Cell Rep. 7, 955–969. doi: 10.1016/j.stemcr.2016.09.013 

 Sposito, T., Preza, E., Mahoney, C. J., et al. (2015). Developmental regulation of tau splicing is disrupted in stem cell-derived neurons from frontotemporal dementia patients with the 10 + 16 splice-site mutation in MAPT. Hum. Mol. Genet. 24, 5260–5269. doi: 10.1093/hmg/ddv246

 Stroud, H., Su, S. C., Hrvatin, S., Greben, A. W., Renthal, W., Boxer, L. D., et al. (2017). Early-life gene expression in neurons modulates lasting epigenetic states. Cells 171, 1151–1164.e16. doi: 10.1016/j.cell.2017.09.047 

 Suhr, S. T., Chang, E. A., Tjong, J., Alcasid, N., Perkins, G. A., Goissis, M. D., et al. (2010). Mitochondrial rejuvenation after induced pluripotency. PLoS One 5:e14095. doi: 10.1371/journal.pone.0014095 

 Sullivan, G. J., Bai, Y., Fletcher, J., and Wilmut, I. (2010). Induced pluripotent stem cells: epigenetic memories and practical implications. Mol. Hum. Reprod. 16, 880–885. doi: 10.1093/molehr/gaq091 

 Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al. (2007). Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cells 131, 861–872. doi: 10.1016/j.cell.2007.11.019

 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cells 126, 663–676. doi: 10.1016/j.cell.2006.07.024 

 Tang, Y., Liu, M. L., Zang, T., and Zhang, C. L. (2017). Direct reprogramming rather than IPSC-based reprogramming maintains aging hallmarks in human motor neurons. Front. Mol. Neurosci. 10:359. doi: 10.3389/fnmol.2017.00359

 Theka, I., Caiazzo, M., Dvoretskova, E., Leo, D., Ungaro, F., Curreli, S., et al. (2013). Rapid generation of functional dopaminergic neurons from human induced pluripotent stem cells through a single-step procedure using cell lineage transcription factors. Stem Cells Transl. Med. 2, 473–479. doi: 10.5966/sctm.2012-0133 

 Torper, O., Pfisterer, U., Wolf, D. A., Pereira, M., Lau, S., Jakobsson, J., et al. (2013). Generation of induced neurons via direct conversion in vivo. Proc. Natl. Acad. Sci. U. S. A. 110, 7038–7043. doi: 10.1073/pnas.1303829110

 Traxler, L., Edenhofer, F., and Mertens, J. (2019). Next-generation disease modeling with direct conversion: a new path to old neurons. FEBS Lett. 593, 3316–3337. doi: 10.1002/1873-3468.13678 

 Vera, E., Bernardes de Jesus, B., Foronda, M., Flores, J. M., and Blasco, M. A. (2012). The rate of increase of short telomeres predicts longevity in mammals. Cell Rep. 2, 732–737. doi: 10.1016/j.celrep.2012.08.023 

 Vera, E., Bosco, N., and Studer, L. (2016). Generating late-onset human IPSC-based disease models by inducing neuronal age-related phenotypes through telomerase manipulation. Cell Rep. 17, 1184–1192. doi: 10.1016/j.celrep.2016.09.062

 Victor, M. B., Richner, M., Olsen, H. E., Lee, S. W., Monteys, A. M., Ma, C., et al. (2018). Striatal neurons directly converted from Huntington’s disease patient fibroblasts recapitulate age-associated disease phenotypes. Nat. Neurosci. 21, 341–352. doi: 10.1038/s41593-018-0075-7

 Vierbuchen, T., Ostermeier, A., Pang, Z. P., Kokubu, Y., Südhof, T. C., and Wernig, M. (2010). Direct conversion of fibroblasts to functional neurons by defined factors. Nature 463, 1035–1041. doi: 10.1038/nature08797 

 Wang, S. C., Oeize, B., and Schumacher, A. (2008). Age-specific epigenetic drift in late-onset Alzheimer’s disease. PLoS One 3:e2698. doi: 10.1371/journal.pone.0002698

 Wapinski, O. L., Vierbuchen, T., Qu, K., Lee, Q. Y., Chanda, S., Fuentes, D. R., et al. (2013). Hierarchical mechanisms for direct reprogramming of fibroblasts to neurons. Cells 155, 621–635. doi: 10.1016/j.cell.2013.09.028

 Watfa, G., Dragonas, C., Brosche, T., Dittrich, R., Sieber, C. C., Alecu, C., et al. (2011). Study of telomere length and different markers of oxidative stress in patients with Parkinson's disease. J. Nutr. Health Aging 15, 277–281. doi: 10.1007/s12603-010-0275-7 

 Xie, W., Barr, C. L., Kim, A., Yue, F., Lee, A. Y., Eubanks, J., et al. (2012). Base-resolution analyses of sequence and parent-of-origin dependent DNA methylation in the mouse genome. Cells 148, 816–831. doi: 10.1016/j.cell.2011.12.035 

 Xie, X., Jankauskas, R., Mazari, A. M. A., Drou, N., and Percipalle, P. (2018). β-actin regulates a heterochromatin landscape essential for optimal induction of neuronal programs during direct reprograming. PLoS Genet. 14:e1007846. doi: 10.1371/journal.pgen.1007846

 Yagi, T., Ito, D., Okada, Y., Akamatsu, W., Nihei, Y., Yoshizaki, T., et al. (2011). Modeling familial Alzheimer’s disease with induced pluripotent stem cells. Hum. Mol. Genet. 20, 4530–4539. doi: 10.1093/hmg/ddr394

 Yahata, N., Asai, M., Kitaoka, S., Takahashi, K., Asaka, I., Hioki, H., et al. (2011). Anti-Aβ drug screening platform using human IPS cell-derived neurons for the treatment of Alzheimer’s disease. PLoS One 6:e25788. doi: 10.1371/journal.pone.0025788 

 Yang, N., Chanda, S., Marro, S., Ng, Y. H., Janas, J. A., Haag, D., et al. (2017). Generation of pure GABAergic neurons by transcription factor programming. Nat. Methods 14, 621–628. doi: 10.1038/nmeth.4291 

 Yoo, J., Lee, E., Kim, H. Y., Youn, D. H., Jung, J., Kim, H., et al. (2017). Electromagnetized gold nanoparticles mediate direct lineage reprogramming into induced dopamine neurons in vivo for Parkinson’s disease therapy. Nat. Nanotechnol. 12, 1006–1014. doi: 10.1038/nnano.2017.133

 Yun, C. G., Hong, W. X., Ke, L. K., et al. (2018). Neuroprotective effects of Cryptotanshinone and 1, 2-Dihydrotanshinone I against MPTP induced mouse model of Parkinson’s disease. Phytochem. Lett. 26, 68–73. doi: 10.1016/j.phytol.2018.05.016

 Zhang, S. F., Hennessey, T., Yang, L., Starkova, N. N., Beal, M. F., and Starkov, A. A. (2011). Impaired brain Creatine kinase activity in Huntington’s disease. Neurodegener. Dis. 8, 194–201. doi: 10.1159/000321681

 Zhu, S., Ambasudhan, R., Sun, W., Kim, H. J., Talantova, M., Wang, X., et al. (2014). Small molecules enable OCT4-mediated direct reprogramming into expandable human neural stem cells. Cell Res. 24, 126–129. doi: 10.1038/cr.2013.156

 Ziller, M. J., Gu, H., Müller, F., et al. (2013). Charting a dynamic DNA methylation landscape of the human genome. Nature 500, 477–481. doi: 10.1038/nature12433

 Zuccato, C., Valenza, M., and Cattaneo, E. (2010). Molecular mechanisms and potential therapeutical targets in Huntington's disease. Physiol. Rev. 90, 905–981. doi: 10.1152/physrev.00041.2009805












	 
	

	TYPE Review
PUBLISHED 04 January 2023
DOI 10.3389/fncel.2022.1070357





Contrast-induced encephalopathy and permanent neurological deficit following cerebral angiography: A case report and review of the literature

Yujing Zhang1,2†, Jiancheng Zhang1,2†, Shiying Yuan1,2* and Huaqing Shu1,2*

1Department of Critical Care Medicine, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

2Institute of Anesthesia and Critical Care Medicine, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

[image: image]

OPEN ACCESS

EDITED BY
Shong Lau, Salk Institute for Biological Studies, United States

REVIEWED BY
Luis Rafael Moscote-Salazar, Latinamerican Council of Neurocritical Care (CLaNi), Colombia
Brandon Peter Lucke-Wold, University of Florida, United States

*CORRESPONDENCE
Huaqing Shu, ✉ huaqing_shu@163.com
Shiying Yuan, ✉ yuan_shiying@163.com

†These authors have contributed equally to this work

SPECIALTY SECTION
This article was submitted to Cellular Neuropathology, a section of the journal Frontiers in Cellular Neuroscience

RECEIVED 14 October 2022
ACCEPTED 21 November 2022
PUBLISHED 04 January 2023

CITATION
Zhang Y, Zhang J, Yuan S and Shu H (2023) Contrast-induced encephalopathy and permanent neurological deficit following cerebral angiography: A case report and review of the literature.
Front. Cell. Neurosci. 16:1070357.
doi: 10.3389/fncel.2022.1070357

COPYRIGHT
© 2023 Zhang, Zhang, Yuan and Shu. 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.

Contrast-induced encephalopathy (CIE) is an uncommon complication associated with contrast exposure during angiographic procedures that is usually transient but occasionally leads to permanent complications or death. Due to the low incidence of CIE, there are still insufficient reports. This study was used to summarize the clinical features of CIE through a case report and systematic review. We summarized and reviewed 127 patients with CIE, and we found that the total incidence of CIE between men and women had no difference (49.61 and 50.39%, respectively), but the average age in female patients with CIE was older than that in male patients (62.19 and 58.77 years, respectively). Interestingly, the incidence of female patients with CIE in the poor prognosis group was significantly higher than that in the good prognosis group (62.50 and 36.51%, respectively), and the average age of these female patients in the poor prognosis group was younger than that in the good prognosis group (61.39 and 62.82 years, respectively). The contrast medium types were mainly nonionic (79.69 and 73.02%, respectively) and low-osmolar (54.69 and 71.43%, respectively) in both groups. Importantly, the total contrast media administrated in patients with poor prognoses was greater than that administrated in patients with good prognoses (198.07 and 188.60 ml, respectively). In addition, comorbidities in both groups included hypertension (55.91%), diabetes mellitus (20.47%), previous contrast history (15.75%), renal impairment (11.81%), and hyperlipidemia (3.15%). The percentage of patients with cerebral angiography was significantly higher in the poor prognosis group than that in the good prognosis group (37.50 and 9.52%, respectively), whereas the percentage of patients with coronary angiography in both groups had the opposite results (35.94 and 77.78%, respectively). In conclusion, CIE may not always have a benign outcome and can cause permanent deficits. Female gender, younger age, the higher dose of contrast medium, and the procedure of cerebral angiography may be related to the patient’s poor prognosis.
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Introduction

Contrast-induced encephalopathy (CIE) is an uncommon complication associated with intravenous or intra-arterial exposure to iodinated contrast media during angiographic procedures. The incidence of CIE ranges between 0.3 and 4.0% (de Bono, 1993; Potsi et al., 2012; Liu et al., 2020). Since the first description in 1970, the clinical features of CIE have included headache, memory loss, confusion, visual and speech impairment, seizures, hemiparesis, and even coma. The underlying mechanisms and causes of iodine-based CIE remain unclear. Studies suggest that this may be related to transient blood–brain barrier (BBB) breakdown and increased permeability, which may subsequently contribute to extravasation of contrast medium into the central nervous system, resulting in cerebral edema and altered neuronal excitability (Dangas et al., 2001; Babalova et al., 2021). In addition, some high concentrations of contrast media may cause the clumping of red blood cells and, consequently, occlusion of arterial branches, which may play a role in permanent neurological deficits (Cristaldi et al., 2021). Most patients with CIE have a good prognosis and resolve quickly within 1–2 days (Spina et al., 2017). A minority (approximately 15% of CIE) may develop permanent neurological deficits or fatal cerebral edema (Hamra et al., 2017; Donepudi and Trottier, 2018; Zhao et al., 2019). However, the development of an evidence-based consensus on CIE has been hindered by the low incidence of CIE. Although the current literature on CIE is extensive, only case reports in the literature describe CIE and further analyses on the risk factors of CIE prognosis have been rarely performed. Here, we provided a case report as a reference and summarized existing reports about CIE, aiming to explore pathogenesis, risk factors, diagnosis, treatment strategy, and future exploration direction of the disease.



Case report

A 51-year-old woman was admitted to our hospital with a suspected intracranial aneurysm. The patient had a history of hypertension. On admission, a physical examination showed no signs of neurological deficits. Cerebral angiography was urgently performed through the right femoral approach. The procedure lasted for 60 min. A total of 50 ml iodixanol (Jiangsu Hengrui Pharmaceutical Co., Ltd., China), an iso-osmolar non-ionic dimeric hydrophilic contrast medium, was injected. Notably, 1% lignocaine was administered for local anesthesia prior to cerebral angiography. This was the patient’s first exposure to a contrast medium, and no obvious aneurysm or vascular malformation was found.

Approximately 5 h after surgical completion, the patient developed a decrease in the upper and lower extremity motor strength, and the pupils were symmetric and reactive. The left muscle strength was grade 2, and the right muscle strength was grade 3. An emergency brain computed tomography (CT) scan was requested and revealed the diffuse contrast enhancement in brain sulci, fissures, cisterns, third ventricle, fourth ventricle, and subarachnoid space with mild global brain edema, and softening foci in the left basal ganglia-insular area (Figures 1A,B). On the second day, the patient’s clinical symptoms further deteriorated and the upper and lower muscle strength was grade 0 with positive pathological signs. Brain CT was reviewed and showed diffuse enhancement disappeared, but the brain parenchyma was diffusely swollen and the lateral ventricles were slightly more compressed than that in the previous scan (Figures 1C,D). A diagnosis of CIE was suspected given the worsening of the clinical manifestations and symptoms compatible with higher functional impairment following the administration of the contrast medium.


[image: image]

FIGURE 1
Contrast-induced encephalopathy in brain computed tomography (CT) scans. (A,B) Emergency brain CT 5 h after the procedure showed diffuse contrast enhancement in the brain parenchyma and subarachnoid space with mild global brain edema and the softening foci in the left basal ganglia-insular area. (C,D) Brain CT 2 days after the procedure indicated diffuse enhancement disappeared, and the brain parenchyma was diffusely swollen and the lateral ventricle was slightly more compressed.


The patient routinely received fluids to accelerate the excretion of contrast medium, 1,000 mg of intravenous methylprednisolone once daily for 2 days to mitigate inflammation, 250 ml of mannitol every 8 h to dehydrate and reduce intracranial pressure, 10 mg of nimodipine once daily to prevent vasospasm, 120 mg of sodium valproate once daily to prevent epilepsy, as well as strengthen nutrition to improve clinical symptoms. Furthermore, lumbar cistern drainage was performed to reduce intracranial pressure, and cerebrospinal fluid (CSF) was clear with increased white blood cell count and glucose level and decreased chloride level. In the following hours, the patient experienced further deterioration in mental status and fell into a coma with respiratory insufficiency. Therefore, the patient was transferred to the intensive care unit (ICU) where she underwent tracheal intubation with ventilator-assisted breathing, dehydration, anti-epileptic therapy, body temperature and blood pressure control, and close neurological observation.

On the second day after being admitted to the ICU, the patient regained consciousness, but her motor deficit was unchanged. A neurological examination showed muscle weakness in the upper and lower limbs and sensory loss below the T2 sensory level, which may be related to spinal cord edema. Considering that the patient was temporarily unable to remove the tracheal tube, a tracheotomy was performed 4 days later. A magnetic resonance imaging (MRI) performed at 2 weeks revealed a diffuse hyperintense signal on FLAIR sequences in the cervical cord, which may be consistent with the patient’s motor deficits and sensory disturbances, as well as a softening foci formation in the left basal ganglia-insular area (Figure 2). Dramatically, the patient suffered from a lung infection during hospitalization and was eventually discharged from the neurosurgery ward to another hospital for hyperbaric oxygen therapy after 20 days. A telephone follow-up after 2 months revealed that the patient’s persistent neurological deficits had not improved.
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FIGURE 2
The brain and cervical spine magnetic resonance imaging (MRI) performed at 2 weeks. (A,B) Brain MRI showed the left basal ganglia-insular softening foci in T1 (A) and T2 (B) weighted image. (C–E) Cervical spine MRI showed diffuse hyperintense signal in the cervical cord in T2-weighted image (D) and fluid-attenuated inversion recovery (FLAIR) images (E), and normal findings were observed in T1-weighted image (C).




Literature review

In searching for the keywords “Contrast-induced encephalopathy” and “Angiography” in PubMed, 95 relevant articles were found. A total of 54 papers were selected after screening abstracts and titles. After reading through the whole paper, the reviews, editorial, and duplicate cases were excluded, and 40 papers were left. However, four of them were excluded because it was defined as allergic reactions, vasospasm, and posterior reversible encephalopathy syndrome, and complete data were not available in the other six papers. Finally, we accurately summarized 30 papers (Leong and Fanning, 2012; Yan and Ramanathan, 2013; Kocabay et al., 2014; Nagamine et al., 2014; Hamra et al., 2017; Park et al., 2017; Spina et al., 2017; Dattani et al., 2018; Heemelaar et al., 2018; Hirata et al., 2018; Kahyaoğlu et al., 2018; Tong et al., 2018; Renault and Rouchet, 2019; Riahi et al., 2019; Şimşek et al., 2019; Zhao et al., 2019, 2021; Fernando et al., 2020; Harada et al., 2020; Lei et al., 2020; Liu et al., 2020; Andone et al., 2021; Cristaldi et al., 2021; García-Pérez et al., 2021; Kamimura et al., 2021; Li et al., 2021; Vigano et al., 2021; Yao et al., 2021; Zhang et al., 2021; Rashid et al., 2022). A total of 127 patients were enrolled. Figure 3 shows the screening process. Table 1 shows the basic information of 31 studies (including our case).


TABLE 1    Basic information of all patients.
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FIGURE 3
Screening process.


From the search results, we found that the total incidence of CIE between women and men has no difference. A total of 63/127 (49.61%) patients were women and 64/127 (50.39%) patients were men, and the average age in women was older than that in men (62.19 and 58.77 years, respectively). More importantly, we classified the statistical results according to prognosis, and patients who recovered less than or equal to 48 h were included in the good prognosis group and the remaining patients were included in the poor prognosis group. Eventually, 63 patients were included in the good prognosis group and 64 patients were included in the poor prognosis group, and the results are shown in Table 2. We found that the incidence of female patients with CIE in the poor prognosis group was significantly higher than that in the good prognosis group (62.50 and 36.51%, respectively), and the average age of these female patients in the poor prognosis group was younger than that in the good prognosis group (61.39 and 62.82 years, respectively). Furthermore, the poor prognosis group had a wider age range, ranging from 6 to 84 years.


TABLE 2    The relationship between prognosis with variable.
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In interventional procedures, the contrast types included non-ionic and ionic, or low-osmolar, high-osmolar, and iso-osmolar in our present study, and we found that both groups were mainly non-ionic (79.69 and 73.02%, respectively) and low-osmolar (54.69 and 71.43%, respectively). Importantly, the total contrast media administrated and the non-ionic, ionic, low-osmolar, or high-osmolar contrast media administrated in patients with poor prognosis were greater than that administrated in patients with good prognosis (198.07 and 188.60 ml, 199.19 and 193.39 ml, 235.20 and 167.70 ml, 207.83 and 195.10 ml, and 194.20 and 117.83 ml, respectively), whereas the iso-osmolar contrast media administrated was lower in patients with poor prognosis compared to patients with good prognosis (152.56 and 167.50, respectively).

The comorbidities in the present study mainly included hypertension (55.91%), diabetes mellitus (20.47%), previous contrast history (15.75%), renal impairment (11.81%), and hyperlipidemia (3.15%). Although there was no significant difference in comorbidities between the two groups, the percentages of hypertension, diabetes mellitus, previous contrast history, renal impairment, and hyperlipidemia in the poor prognosis group were higher than those in the good prognosis group (60.93 and 50.79%, 25.00 and 15.78%, 17.19 and 4.29%, 14.06 and 9.52%, and 4.69 and 3.17%, respectively). The angiography types, mainly coronary angiography (56.69%), cerebral angiography (23.62%), and carotid and vertebral angiography (7.87%), in both groups, were also analyzed. We found that the percentage of patients with cerebral angiography in the poor prognosis group was significantly higher than that in the good prognosis group (37.50 and 9.52%, respectively), whereas the percentage of patients with coronary angiography in both groups had the opposite results (35.94 and 77.78%, respectively). Moreover, brain CT or MRI abnormalities were found in most patients in both groups (68.83 and 62.00%, respectively).



Discussion

Contrast-induced encephalopathy is a rare and reversible complication that can cause neurotoxicity with a favorable prognosis and resolves within 24–48 h in most cases. Based on previous studies (Yan and Ramanathan, 2013; Spina et al., 2017; Cristaldi et al., 2021), the renal elimination of contrast medium, the regression of cerebral edema, and the recovery of BBB function were assumed to play an important role in the pathophysiology of neurological recovery. Here, we described a case of permanent neurological deficit after cerebral angiography and provided a summary and analysis of a series of CIE cases to explore the probable reasons for permanent neurological deficit. Given that most patients resolved completely within 48 h, we performed a prognostic analysis using 48 h as the node. We found that the total incidence of CIE between female patients and male patients had no difference, but female patients were more likely to have a poor prognosis. In addition, the average age of patients with poor prognoses was younger than that of patients with good prognoses. Surprisingly, no reports are currently available on risk factors associated with prognosis in patients with CIE. Only two reports were found to analyze the relationship between the incidence of CIE and gender or age, and the conclusions of the two reports were inconsistent. One report found that the adverse drug reaction incidence of iodinated contrast medium (e.g., CIE) seemed to be associated with gender, with a significantly higher incidence in female patients than in male patients, and it was also associated with age, with a lower occurrence in older (>44 years) patients compared to younger patients (Jiang et al., 2021). The other report summarized 9 CIE cases in 2013 and proposed that male gender and advanced age are the greatest risk factors for developing CIE. These two reports just provide a reference for us, and further research and a more in-depth analysis are necessary.

Studies showed a correlation between contrast medium dose and CIE (Yu and Dangas, 2011; Vigano et al., 2021), and whether the more contrast medium used is related to the poor prognosis of patients has not been directly reported. Although our study showed that the patients with poor prognosis used more contrast medium among different types of contrast media, including the non-ionic, ionic, low-osmolar, and high-osmolar contrast media, as well as the total contrast media used, the results are not absolute. Because in our reported case and 4 other summarized cases, the patient presented with permanent neurological deficits (more than 10 days) after administrating only a low quantity of contrast medium (no more than 50 ml) for angiography. Among these cases, the contrast medium types included non-ionic, low-osmolar, high- osmolar, and iso-osmolar, suggesting that severe neurotoxic symptoms may occur in response to low doses and different types of contrast agents. A previous study has shown that a 49-year-old man developed CIE and completely resolved within 4 h after receiving 610 ml diatrizoate (an ionic high-osmolar contrast medium) for diagnostic coronary angiography (Muruve and Steinman, 1996), indicating that high-dose contrast media do not cause permanent neurological dysfunction. Therefore, we speculated that, in addition to volume, the poor prognosis is generally related to the route and number of administrated, type of contrast medium, and individual patient characteristics.

Previous research has shown that demographic risk factors for CIE are chronic hypertension, diabetes mellitus, renal insufficiency, and previous reactions to contrast media (Yu and Dangas, 2011; Zhao et al., 2019; Cristaldi et al., 2021). Our study showed that the majority of patients (55.91%) had hypertension, 20.47% had diabetes mellitus, 15.75% had a contrast history, and 11.81% had renal insufficiency. Although there is no statistical difference between the poor prognosis group and the good prognosis group, these risk factors have a higher proportion in patients with poor prognosis, suggesting they may be related to worse prognosis, and further research is needed by increasing the sample size.

For the types of angiographic procedures, the present study showed that the proportion of patients with cerebral angiography was significantly higher in the poor-prognosis group than in the good-prognosis group, whereas patients with coronary angiography had the opposite results. Whether the cerebral angiography procedure itself is more likely to aggravate the prognosis than coronary angiography is unclear. This study demonstrated that 170 ml is recommended as the maximum threshold level of toxicity for coronary angiography procedure, and a smaller volume of contrast media may damage the BBB during selective intracranial injection (Kocabay et al., 2014), suggesting that cerebral angiography may be more likely to damage the BBB than coronary angiography. Furthermore, it is unclear whether procedure-related factors and patient-related factors are involved.

The diagnosis of CIE often requires the exclusion of cerebrovascular accidents such as cerebral hemorrhage and cerebral infarction. Neuroimaging plays an important role in distinguishing CIE from other neurological pathologies such as thromboembolism and hemorrhage following angiography. Our research showed that the most common abnormalities on brain CT included cortical or subcortical contrast enhancement, cerebral edema, focal hyperdense lesions, and hyper-density in the cerebral sulci. MRI abnormalities included hyperintensity on T2, FLAIR, and DWI. This study has suggested that CSF examination is also useful to rule out subarachnoid hemorrhage through the absence of xanthochromia or red blood cells (Shahan et al., 2021). The simultaneous detection of high concentrations of iodinated contrast medium in CSF and serum supports contrast medium extravasation rather than hemorrhage. In addition, the exclusion of contrast allergy or allergic-like reactions is also essential for the diagnosis of CIE. A recent study showed that allergic-like or allergic reactions caused by contrast media are rare, which can be severe or even life-threatening (Fusco et al., 2022). It is important to obtain a history of immediate or delayed reactions to a specific contrast medium, which may contribute to predicting the risk for future reactions. Clinical manifestations such as throat tightness, facial edema, and bronchospasm are helpful in distinguishing.

For the treatment of CIE, most patients with CIE have a good prognosis and a rapid recovery. Therefore, supportive care and observation are generally considered sufficient. Based on the literature summarized in the present study, it is recommended that appropriate hydration, steroids, and mannitol can be given immediately after surgery, and benzodiazepines can be used for epileptic seizures.



Conclusion

A contrast-induced encephalopathy is a form of neurotoxicity caused by contrast media that is usually transient but occasionally leads to permanent complications or death. We summarized a series of cases and found that the female gender, younger age, higher contrast medium dose, and cerebral angiography procedure were associated with poor prognosis in patients with CIE. However, the contrast medium types were not associated with the prognosis. In addition, there was no statistical difference between the poor prognosis group and the good prognosis group; hypertension, diabetes mellitus, renal insufficiency, and previous reactions to contrast media were also important risk factors for CIE. Our case and literature review highlight that CIE may not always have a benign outcome and has the potential to cause permanent neurological dysfunction, even with low-dose contrast media. We should not be overlooked, especially following procedures that use contrast medium.
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Background: C-X-C motif chemokine 12 (CXCL12) is a chemokine that performs many functions. Studies have shown that CXCL12 can aggravate inflammatory symptoms in the central nervous system (CNS). Evidence also indicates that CXCL12 can promote the repair of myelin sheaths in the CNS in experimental autoimmune encephalomyelitis (EAE). Here, we investigated the function of CXCL12 in CNS inflammation by upregulating CXCL12 in the spinal cord and subsequently inducing EAE.

Materials and methods: CXCL12 upregulation in the spinal cords of Lewis rats was induced by the injection of adeno-associated virus 9 (AAV9)/eGFP-P2A-CXCL12 after intrathecal catheter implantation. Twenty-one days after AAV injection, EAE was induced and clinical score was collected; Immunofluorescence staining, WB and LFB-PAS staining were used to evaluate the effect of CXCL12 upregulation. In the in vitro study, oligodendrocyte precursor cells (OPCs) were harvested, cultured with CXCL12 and AMD3100, and subjected to immunofluorescence staining for functional assessment.

Results: CXCL12 was upregulated in the lumbar enlargement of the spinal cord by AAV injection. In each stage of EAE, upregulation of CXCL12 significantly alleviated clinical scores by inhibiting leukocyte infiltration and promoting remyelination. In contrast, the addition of AMD3100, which is a CXCR4 antagonist, inhibited the effect of CXCL12. In vitro, 10 ng/ml CXCL12 promoted the differentiation of OPCs into oligodendrocytes.

Conclusion: AAV-mediated upregulation of CXCL12 in the CNS can alleviate the clinical signs and symptoms of EAE and significantly decrease the infiltration of leukocytes in the peak stage of EAE. CXCL12 can promote the maturation and differentiation of OPCs into oligodendrocytes in vitro. These data indicate that CXCL12 effectively promotes remyelination in the spinal cord and decreases the signs and symptoms of EAE.

KEYWORDS
CXCL12, EAE, AAV, neuroinflammation, remyelination


Introduction

As a common manifestation of multiple sclerosis (MS) and neuromyelitis optica spectrum disorders (NMOSDs), inflammatory demyelination make an important contribution to disability in the patients with demyelinating disorders (Kearney et al., 2015; Ciccarelli et al., 2019; Fadda et al., 2022). Chemokines are considered to be essential mediators that are secreted by many kinds of cells to activate G protein-mediated signaling pathways (Krumbholz et al., 2006; Huynh et al., 2020). Some of the chemokines guided inflammatory cells into the central nervous system (CNS) and played an important role in the myelin damage, but some are not, Notably, chemokine C-X-C motif ligand 12 (CXCL12) was revealed to play a crucial role in the maintenance of neural homeostasis, including the regulation of proliferation, differentiation and migration of oligodendrocyte precursor cells (OPCs) in the animal disease model system (Patel et al., 2010, 2012; Li et al., 2012; Zilkha-Falb et al., 2016). Additionally, CXCL12 could recruit other types of endogenous stem/progenitor cells, such as hematopoietic stem cells, mesenchymal stem cells, endothelial progenitor cells and neural progenitor cells (NPCs), mainly worked by interacting with CXCR4, which is one of its natural receptors (Klein and Rubin, 2004; Dziembowska et al., 2005; Patel et al., 2010; Carbajal et al., 2011; Huynh et al., 2020).

The observation that up-regulation of CXCL12 were found in the reactive astrocytes and endothelial cells in the lesions of patients with MS, and CXCR4-positive leukocytes could further infiltrated into CNS parenchyma (Calderon et al., 2006; McCandless et al., 2008; Moll et al., 2009). McCandless et al. (2008) suggested that the redistribution of CXCL12 at the blood-brain barrier (BBB), rather than up-regulation of CXCL12 expression in lesions of CNS, plays a more important role in leukocyte infiltration and demyelination in MS. These phenomenon are also observed in Experimental Autoimmune Encephalomyelitis (EAE), which may be the most frequently used animal model system of rodent for MS studying (McCandless et al., 2006; Cruz-Orengo et al., 2011; Zilkha-Falb et al., 2016). Inhibition of CXCL12 signaling could result in widespread white matter infiltration of mononuclear cells and aggravate EAE symptoms (McCandless et al., 2006). Therefore, it is rational to speculate that the ongoing progression of MS may result from the enhanced infiltration of leukocytes.

A series of studies have examined EAE in Dark Agouti (DA) and Albino Oxford (AO) rats (Miljković et al., 2011; Blaževski et al., 2013, 2015). The differential resistance of these two rat strains to EAE implies that CXCL12 is involved in the promotion of remyelination (Miljković et al., 2011; Blaževski et al., 2013). Many of excellent studies have shown that CXCL12 plays a positive role in promoting the remyelination of EAE (McCandless et al., 2006; Patel et al., 2010, 2012; Miljković et al., 2011; Blaževski et al., 2013; Zilkha-Falb et al., 2016). The intense inflammation and macrophage phagocytosis aggregation in the active MS lesions are the main causes that leads to failure of remyelination, since sufficient OPCs were found within lesions (Kuhlmann et al., 2008; Lassmann et al., 2012; Chu et al., 2017). On the basis of the function of CXCL12 that promote migration and differentiation of OPCs, upregulation of CXCL12 in CNS may be a potential therapeutic strategy to MS. Several previous studies showed that CXCL12 acts as a T-cell chemoattractant at low doses and a chemorepellent at high doses (Poznansky et al., 2000; Vianello et al., 2006). So it is interesting to up-regulate CXCL12 before the onset of EAE, and observe whether the upregulated CXCL12 can alleviate the symptoms, or even inhibit the occurrence of EAE.

In this study, polyethylene catheters (PE-10 tubing) were placed into the subarachnoid space near the lumbar enlargement of rats, and overexpression of CXCL12-GFP in this area of CNS was induced by injection of AAV through the PE-10 tubing. 21 days after infection, EAE model was builded. The aim was to verify whether direct upregulation of CXCL12 gene in the spinal cord could promote the remyelination or exacerbate EAE symptoms by enhancing leukocyte infiltration.



Materials and methods


Animals and intrathecal catheter implantation

Ten-week-old female Lewis rats (180–220 g) were purchased from Vital river of China and raised under specific pathogen-free conditions. The rats were anesthetized with sodium pentobarbital (50 mg/kg), and then a polyethylene catheter was inserted through a hole made in the posterior atlantooccipital membrane (Chen et al., 2020). The catheter was threaded 7 cm caudally into the subarachnoid space of the spinal cord (Chen et al., 2020). The end of the tube opened approximately in the lumbar enlargement. The rostral part of the tube was sutured to the muscle for immobilization. After intrathecal catheter implantation, the rats were housed individually and allowed to recover for 7 days before AAV9 was injected into the subarachnoid space through a PE-10 tube (Portex Tubing PE 0.28*0.165 mm Bx, Scientific Laboratory Supplies, Nottingham).



AAV vector production

The AAV9 vectors (pAAV-CMV-bGlobin-EGFP-P2A) were used in this study to package rat CXCL12 (GenBank ID: NM_022177). AAV9 viral stocks with the recombinant AAV vector were produced according to the three-plasmid cotransfection method by Obio Technology Corp., Ltd., (Shanghai, China) (Beckman et al., 2021). The titers of purified AAV9/eGFP and AAV9/eGFP-P2A-CXCL12 were measured by quantitative polymerase chain reaction (qPCR) using SYBR green technology.1 The AAVs were aliquoted and stored at −80°C until further use.



Study design

To determine the functions of CXCL12 in the rat CNS in EAE, an AAV9 vector expressing CXCL12 (AAV9/eGFP-P2A-CXCL12) was administered, as mentioned above; an eGFP vector (AAV9/eGFP) acted as the control. Each rat received 1 × 1012 vg/ml AAV9/eGFP-P2A-CXCL12 or AAV9/eGFP intrathecally via a polyethylene catheter that was inserted through a small hole made in the posterior atlantooccipital membrane. Then, the rats were divided into three groups: CXCL12, eGFP and CXCL12 + AMD3100. AMD3100, a CXCR4 antagonist, was injected into the CNS through the catheter 2 days after immunization with spinal cord homogenate (SCH) and complete Freund’s adjuvant (CFA). AMD3100 (Sigma-Aldrich, St. Louis, MO, USA), was dissolved in normal saline to an injection dose of 40 μg/10 μl per rat.



Induction of EAE

Twenty-one days after AAV injection, the rats were immunized with a 400-μl mixture containing 200 μl of spinal cord homogenate (SCH) and an equal volume of complete freund’s adjuvant (CFA, Sigma) by subcutaneous injection in the base of the tail. Forty-eight hours after immunization, the rats received 400 ng of pertussis toxin (Sigma) in 200 μl of PBS via intraperitoneal injection. The animals were observed and scored. Scoring was completed using a standard five-point scale: 0, no deficit; 0.5, partial loss of tail tone or slightly abnormal gait; 1.0, complete tail paralysis or both partial loss of tail tone and mild hind limb weakness; 1.5, complete tail paralysis and mild hind limb weakness; 2.0, tail paralysis with moderate hind limb weakness (evidenced by frequent foot dragging); 2.5, no weight bearing on hind limbs (dragging) but with some leg movement; 3.0, complete hind limb paralysis with no residual movement; 3.5, hind limb paralysis with mild weakness in forelimbs; 4.0, complete quadriplegia but with some movement of the head; 4.5, moribund; and 5.0, death.



Histological and fluorescent immunostaining

First, the rats were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg), and then the rats were perfused through heart with precooled PBS followed by precooled 4% paraformaldehyde (PFA) in PBS. The spinal cord was isolated and fixed for 6 h and then immersed in 30% sucrose for 48 h. After freezing in Tissue–Tek OCT compound (Sakura, Japan), the spinal cord was sliced by a freezing microtome (CM1850, Leica Biosystems, Heidelberg, Germany); 10-μm-thick coronal sections were prepared and processed for Luxol fast blue periodic acid-Schiff (LFB-PAS) (Sigma-Aldrich, St. Louis, MO, USA) staining as well as fluorescent immunostaining for detect the severity of demyelination in each stages. The slides were dehydrated to 95% alcohol and incubated in 0.1% LFB solution about 10–16 h at 58°C, then sections were differentiated in 0.05% lithium carbonate solution and 70% alcohol then counterstained with PAS (Li et al., 2013). For fluorescent immunostaining, the slides were washed with PBS, treated with blocking solution (5% normal donkey serum in PBS) for 1 h at room temperature (25°C) and then stained with one of the following primary antibodies (diluted in blocking solution) in a humidified box overnight at 4°C: anti-MBP (1:100, Abcam, UK); anti-GFAP (1:200, CST, USA); anti-NG2 (1:100, Abcam, UK); anti-CD45 (1:100, Abcam, UK); anti-CXCR4 (1:100, Abcam, UK); and anti-CXCL12 (1:100, Abcam, UK). Finally, the slides were exposed to the appropriate secondary antibodies (1:200, Abcam, UK) for 1 h in a humidified box at room temperature. After immunostaining, the slides were stained with DAPI to visualize the nuclei.



Western blot analysis

The spinal cord tissue of Lewis rats about 0.5 cm upstream and downstream of the PE-10 tube’s end was obtained, and then cut the tissue into 1–2 mm3 small pieces with ophthalmic scissors. After adding 3–5 times the volume of RIPA lysis buffer (Beyotime, China) and resuspending, the tissue was homogenized and then gets ultrasonication for 30 s. Centrifuged the homogenate at 14,000 g 4°C for 10 min for the supernatant and detected the protein concentration by the BCA kit (Beyotime, China). Diluted the sample protein concentration to 2 μg/μl with RIPA lysis buffer. The protein samples (30 μg/each) denatured in 5x loading buffer at 100°C for 5 min. Samples were loaded and separated electrophoretically using 8% SDS-PAGE gel operated at 100 V (for 1 h) and then 130 V (for 1.5 h), respectively. Following electrophoresis, samples were transferred to PVDF membranes (invitrogen, USA) using transfer buffer contain 25 mM Trisbase, 192 mM Glycine and 20% methanol. Membranes were blocked with 5% skimmed milk in Tris–buffered saline/0.1% Tween (TBST) for 1 h at room temperature, followed by incubation with primary antibody (rabbit anti-CXCL12, 1:1000, Abcam, UK; rabbit anti-GFP, 1:1000, Abcam, UK; mouse anti-β-actin, 1:1000, Abcam, UK) in blocking buffer (3%BSA in TBST) for 16 h at 4°C. Membranes were washed 3 × 15 min in TBST, and then incubated with goat anti-rabbit or goat anti-mouse IgG (H + L) secondary antibodies conjugated to horse-radish peroxidase (1:1000, Beyotime, China) for 1 h at room temperature, washed 3 × 15 min in TBST, and then visualized with ECL substrate (Thermo Scientific, USA) and imaged with ChemiDoc MP system (Bio-Rad, USA).



Culture of OPCs

Oligodendrocyte precursor cells (OPCs) of WISTAR rats were purchased from CHI Scientific Co., Ltd., (1-5110). OPCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM):F12 media (Gibco company, USA) supplemented with HEPES (Sigma, USA), bFGF (human recombinant, 20 ng/ml, PeproTech, USA) and EGF (mouse recombinant, 20 ng/ml, PeproTech, USA), all from PeproTech Company, USA. The culture medium was renewed every 2 days. For the differentiation experiments, OPCs were cultured in the presence or absence of 10 ng/ml CXCL12 (PeproTech, USA) in differentiation medium. To demonstrate the mechanism underlying the promotion of OPC differentiation, cells were treated with AMD3100 (100 ng/ml) and incubated for 12 days in differentiation medium. AMD3100 medium was replaced every day.



Image analysis

All images were captured using a Leica DM4000B microscope. The software settings for imaging kept exactly identical among spinal cord sections in each immunostaining. Areas of demyelination in the lumbar enlargement of spinal cords were quantified using a 0–4 points semiquantitative scale system (Zhang et al., 2019), where 0 = no demyelination; 1 = rare and focal demyelination; 2 = multiple focal demyelination; 3 = large or confluent demyelination; 4 = large and confluent demyelination. All slides were read in a blinded manner. The fluorescence intensity was calculated as the percentage of the antibody (anti-MBP, anti-GFAP, anti-NG2, and anti-CD45) positive stained area to the total area of spinal cord in the figure, and results from each rat were counted in three slides. Statistical analysis was undertaken using ImageJ software (version 1.39, NIH, USA).



Data statistics

The data were expressed as mean ± SEM (standard error of mean). 1-way ANOVA (analysis of variance) was used to test significant differences among three groups, and 2-tailed unpaired Student’s t-test was used for two groups at each time point. P < 0.05 was considered statistically significant.




Results


Upregulation of CXCL12 in the spinal cord lumbar nlargement of Lewis rats

After 21 days of the intrathecal injection of AAV9 (CXCL12 or eGFP), rats were sacrificed for immunofluorescence analysis and Western blot (WB) tests (Figure 1). We found green fluorescence in both groups (CXCL12 and eGFP) in the lumbar enlargement of the spinal cord in Lewis rats (Figure 1A). The signal of CXCL12 were significantly higher in the CXCL12 group than in the control group (eGFP group) (Figure 1A), and WB of spinal cord tissue homogenates confirmed that (Figure 1B).


[image: image]

FIGURE 1
CXCL12-GFP and eGFP were upregulated in the lumbar enlargement of the spinal cord. (A) Adeno-associated virus (AAV)-mediated upregulation of CXCL12 and eGFP in the lumbar enlargement was robust. On the 21st day after infection, immunofluorescence showed that the level of CXCL12 in the lumbar enlargement was much higher in the CXCL12-GFP group than in the eGFP group, and the CXCL12 and eGFP signals in the white matter were stronger than those in the gray matter of the spinal cord. The bar in the lower right represents 50 μm. (B) Western blot (WB) results also show that the expression of CXCL12 in spinal cord of CXCL12 group, particularly in regions surrounding the cannula tip, was higher than the eGFP group.




Upregulation of CXCL12 in the CNS can alleviate EAE clinical scores

Experimental autoimmune encephalomyelitis (EAE) was induced in the three groups: the eGFP group, CXCL12 group and CXCL12 + AMD3100-treated group. Each group contained nine rats. The clinical scores of all rats were collected and then statistically analyzed. The results indicated that the EAE symptoms of the AMD3100 treatment group were observed the earliest (8th day), followed by the eGFP group (10th day) and the CXCL12 group (13th day) (Figure 2A). At the peak stage of EAE (12–14 days), the mean of clinical scores of the CXCL12 group were significantly lower than that of the other two groups, and no relapse of EAE was observed in the CXCL12 group between the 24th and 30th day after EAE induction (Figure 2A). In addition, at the recovery stage (33–38 days), the clinical scores of CXCL12 group were still significantly lower than that of the other two groups (Figure 2A). Daily injection of 40 μg of AMD3100 after induction of EAE through a PE-10 tube inserted in the back of the head caused earlier onset of symptoms and extended the duration of remyelination. The LFB-PAS staining showed that there were no difference among three groups at the initial stage (2–4 days) of EAE, however, higher demyelination scores of eGFP and CXCL12 + AMD3100 groups compare to CXCL12 group in the spinal cord at the peak stage and the recovery stage (Figures 2B, C). The above results indicate that upregulation of CXCL12 in the white matter of the spinal cord can effectively reduce clinical scores and alleviate symptoms in the EAE model. Moreover, upregulated CXCL12 appeared to inhibit the recurrence of EAE (Figure 2A; 25–27 days).
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FIGURE 2
Upregulation of CXCL12 in the spinal cord can effectively reduce the clinical scores and demyelination of experimental autoimmune encephalomyelitis (EAE). (A) EAE was induced in Lewis rats (n = 15 in each group). The clinical scores were determined as described in the Methods section. The horizontal bars show the stages of EAE progression (the initial stage was 2–4 days, the peak stage was 12–14 days, and the recovery stage was 38–40 days). The rats were sacrificed for immunofluorescence detection at the each stage. (B) Representative images of Luxol fast blue periodic acid-Schiff (LFB-PAS) staining in the spinal cord at three stages in all three groups. The bar in the lower right represents 50 μm. (C) Demyelination score based on LFB-PAS staining in spinal cord. Data presented as the mean ± SEM. “*” represents value of P < 0.05, “**” represents value of P < 0.01, “***” represents value of P < 0.001 by 2-tailed unpaired Student’s t-test or 1-way ANOVA.




Upregulation of CXCL12 can effectively reduce demyelination in EAE

Glia cells in the CNS, including microglia, astrocytes and oligodencrocytes, are very important for homeostasis maintaining and involved in the pathogenesis of MS directly (Stavropoulos et al., 2021). Oligodencrocytes are responsible for generating myelin sheaths and white matter tracts (Nave and Werner, 2014), and crosstalk between astrocytes and oligodendrocytes is closely related to the progress of MS (Patel et al., 2010; Stavropoulos et al., 2021). The immunofluorescence assay results revealed no significant differences in the expression levels of Myelin Basic Protein (MBP, a marker of mature oligodendrocytes) and Glial Fibrillary Acidic Protein (GFAP, a marker of astrocytes) among the three groups at the initial (Figure 3) and recovery stages (Figure 5) of EAE. However, at the peak stage of EAE, the fluorescence signals of MBP and GFAP in the spinal cord of the CXCL12 group were higher than those in the eGFP and CXCL12 + AMD3100 groups. The above immunofluorescence results are consistent with LFB-PAS staining results. Taken together, the results indicate that upregulation of CXCL12 can effectively alleviate the symptoms of EAE by reducing myelin damage.
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FIGURE 3
Upregulation of CXCL12 did not induced peripheral immune cell infiltration in the spinal cord at the initial stage. At the initiation stage of experimental autoimmune encephalomyelitis (EAE), the expression of glial fibrillary acidic protein (GFAP) and myelin basic protein (MBP) was similar in all three groups, indicating that the myelin sheath was intact. During this period, the OPC (NG2 +) and leukocyte (CD45 +) signals in the spinal cord were low. The bar charts show fluorescence intensity. Data presented as the mean ± SEM. “*” represents value of P < 0.05, “**” represents value of P < 0.01, “***” represents value of P < 0.001 by 2-tailed Student’s t-test or 1-way ANOVA, n = 4 rats. The bar in the lower right represents 50 μm.
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FIGURE 4
Upregulation of CXCL12 alleviated the spinal cord aberrations of experimental autoimmune encephalomyelitis (EAE) at the peak stage. At the peak stage of EAE, the significant differences in the glial fibrillary acidic protein (GFAP) and myelin basic protein (MBP) signals between the three groups showed that there was severe demyelination in the eGFP group and CXCL12-AMD3100 group. There were also significant differences in the CD45 and NG2 signals, suggesting that leukocyte infiltration likely led to deterioration of demyelination and that oligodendrocyte precursor cells (OPCs) were actively involved in remyelination. Data presented as the mean ± SEM. “*” represents value of P < 0.05, “**” represents value of P < 0.01, “***” represents value of P < 0.001 by two-tailed Student’s t-test or one-way ANOVA, n = 4–6 rats. The bar in the lower right represents 50 μm.
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FIGURE 5
At the recovery stage of experimental autoimmune encephalomyelitis (EAE), upregulation of CXCL12 promoted the remyelination of spinal cord. During the recovery stage of EAE, the glial fibrillary acidic protein (GFAP) and myelin basic protein (MBP) signals indicated that the spinal myelin sheath was restored in the eGFP group and CXCL12 + AMD3100 group, but the infiltration of leukocytes (CD45 +) and the migration of OPCs (NG2 +) were still stronger than those in the CXCL12 group. Data presented as the mean ± SEM. “*” represents value of P < 0.05, “**” represents value of P < 0.01, “***” represents value of P < 0.001 by two-tailed Student’s t-test or one-way ANOVA, n = 4–6 rats. The bar in the lower right represents 50 μm.


The infiltration of peripheral immune cell into the CNS are the early events in EAE development, and are also observed in brains of MS patients (Floris et al., 2004; Ortiz et al., 2014). To determine the underlying mechanisms of CXCL12’s effects on the myelin sheath in the CNS, the signal of CD45 (a common leukocyte antigen) was detected in the three stages of EAE. At the initial stage, there were no significant differences in the CD45 signal among the three groups (Figure 3). However, during the peak stage and recovery stage, the CD45 signal in the CXCL12 group was significantly lower than that in the other groups (Figures 4, 5). Thus, there was less leukocyte infiltration in the CXCL12 group (Figures 3–5), which might be an important mechanism underlying the alleviation of the symptoms of EAE since lower leukocyte infiltration usually indicates reduced neuroinflammation.



CXCL12 upregulation promotes the differentiation of OPCs into oligodendrocytes

In the CNS, Oligodorocytes is differentiated from OPCs. As shown in Figures 3, 4, NG2 (a biomarker of OPCs) was significantly upregulated in the spinal cord in the peak stage of EAE in the eGFP and CXCL12 + AMD3100 groups; the same trend was also observed in the recovery stage. This finding indicates that OPCs are actively involved in remyelination of the myelin sheath. However, in the CXCL12 group, it was difficult to detect OPCs at all stages of EAE, and the duration of the peak time (from the 13th to 22nd day) in the CXCL12 group was shorter than that of the other two groups (13 days on average), which might be because the upregulated CXCL12 promoted the mature differentiation of OPCs into oligodendrocytes, thus promoting regeneration of the spinal myelin sheath.

In vitro, OPCs of WISTAR rats were cultured in differentiation medium with either 0 or 10 ng/ml CXCL12. Exogenous CXCL12 (10 ng/ml) promoted the differentiation of OPCs into oligodendrocytes, as shown by immunostaining for MBP (Figure 6). AMD3100 was added to OPCs cultured in differentiation medium in the presence of CXCL12 (10 ng/ml). After 12 days, compared to the control differentiation culture (10 ng/ml CXCL12), AMD3100 administration strongly inhibited the differentiation of OPCs (Figure 6). Moreover, NG2 and CXCR4 coexpression in OPCs was assessed (Figure 7). The results were consistent with previous studies suggesting that the CXCL12/CXCR4 axis promotes the differentiation of OPCs in vitro and in vivo (Patel et al., 2010, 2012; Zilkha-Falb et al., 2016).
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FIGURE 6
Differentiation of oligodendrocyte precursor cells (OPCs) into oligodendrocytes in vitro requires the induction of CXCL12. In vitro, 10 ng/ml CXCL12 promoted the differentiation of OPCs. Moreover, 400 ng/ml AMD3100 combined with CXCL12 inhibited differentiation. The bar in the lower right represents 50 μm.
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FIGURE 7
Oligodendrocyte precursor cells (OPCs) cultured in vitro coexpressed CXCL12 and its receptor CXCR4. The bar in the lower right represents 50 μm.





Discussion

Oligodendrocyte precursor cells (OPCs) originate in subventricular zones that region is distant from white matter areas within the CNS. The migration, proliferation, and differentiation of OPCs are essential for repairment of demyelinated lesions. Therefore, the expression of chemoattractant which regulate neural precursor cells migrate and mature to replace damaged cells is essential for CNS injury response. CXCL12 and its receptors are widely expressed in the CNS and play an important role in the differentiation and maturation of NPCs and OPCs (Chu et al., 2017). Several previous studies have shown that CXCL12 can promote the migration of leukocytes to the lesion area of demyelination in the CNS during the progression of MS, thus aggravating the disease (Williams et al., 2014). In contrast, CXCL12 also promotes the migration and differentiation of OPCs to the lesion, thereby enhancing remyelination (Patel et al., 2010, 2012; Zilkha-Falb et al., 2016). In summary, the role of CXCL12 in the onset and progression of MS is complicated.

In this study, we up-regulated CXCL12 in the lumbar enlargement of spinal cord by AAV. This specific region was selected because the lesions of EAE predominantly distributed in the lumbosacral region of the spinal cord (Gibson-Corley et al., 2016). Immunofluorescence detection showed that the region of upregulated CXCL12 was limited to the vicinity of the PE-10 orifice. Immunofluorescence suggested that the level of CXCL12 in this region of the spinal cord was significantly higher in the CXCL12-GFP group than in the eGFP group (Figure 1A), and WB of SCH also confirm that (Figure 1B). Upregulated CXCL12 effectively alleviated the symptoms of EAE, reduced the clinical scores, and inhibited recurrence between days 24 and 30 in the EAE model. The MBP and GFAP signals in the CXCL12 group were stronger than those in the eGFP group at the peak stage of EAE. Moreover, a high level of CXCL12 did not induce significant leukocyte infiltration into the white matter of the spinal cord. Taken together with the results of the CXCL12 + AMD3100 group, these findings suggest the effect of CXCL12 can alleviate the symptoms at peak stage of EAE and inhibited the relapse. However, since the high level of CXCL12 did not induce more leukocyte infiltration, CXCL12 overexpression may not be a necessary or sufficient condition to induce leukocyte migration into the CNS.

Previous studies have shown that remyelination in rodents is closely related to OPCs migration and differentiation (Lombardi et al., 2019). At the peak stage of the EAE model, the level of CXCL12 was upregulated in the spinal cord; this is consistent with several studies that have shown that CXCL12 enhanced the process of remyelination (Zeis et al., 2018; Gao et al., 2019; Beigi et al., 2020). Furthermore, the findings of the current study indicated that the NG2 signal (OPCs) in the spinal cord of the CXCL12 group was significantly lower than that of the other two groups at the peak stage and recovery stage, while the MBP signal was much stronger, suggesting that the differentiation of OPCs into oligodendrocytes in the CXCL12 group was due to the continuously upregulated CXCL12. In vitro, CXCL12 (10 ng/ml) promoted the differentiation of OPCs into oligodendrocytes (Figure 6), and the CXCR4 antagonist AMD3100 strongly inhibited the differentiation of OPCs (Figure 6). This finding suggests that CXCL12 protects the CNS of rats by promoting the differentiation of OPCs into oligodendrocytes.

The clinical scores of the CXCL12 group were significantly lower than those of the eGFP group and the AMD3100 treatment group, and there was no recurrence during days 24–30. In vitro, 10 ng/ml CXCL12 promoted the differentiation of OPCs into oligodendrocytes, which is consistent with previous studies (Zilkha-Falb et al., 2016). These results suggest that upregulation of CXCL12 can alleviate EAE symptoms and inhibit EAE recurrence through the underlying mechanism of initiating OPC maturation and differentiation. No significant difference in leukocyte infiltration in the EAE initial phase was found between the CXCL12 group and the other two groups using CD45 detection. At the EAE peak stage, the CXCL12 group had a significantly lower D45 + signal than the other groups. Yamasaki et al. (2014) reported that infiltrating monocyte-derived macrophages initiate demyelination; therefore, less infiltration of macrophages may delay the onset of EAE and alleviate the symptoms of EAE in the peak stage. In vivo, several previous studies have reported that CXCL12 acts as a T-cell chemoattractant at low doses and a chemorepellent at high doses (Poznansky et al., 2000; Vianello et al., 2006). Furthermore, Meiron et al. (2008) demonstrated that CXCL12 could transform effector Type 1 T helper (Th1) cells in the CNS into regulatory T cells that produce interleukin (IL)-10, an anti-inflammatory cytokine, thereby reducing neuroinflammation and further reducing the infiltration of leukocytes. This observation may explain why the infiltration of leukocytes was lower in the CXCL12 group than in the other groups.

The data presented in this study indicate that upregulation of CXCL12 in in the lumbar enlargement of the spinal cord can significantly reduce the symptoms and recurrence of EAE in a rat model. Furthermore, the CXCL12/CXCR4 axis may enhance remyelination by promoting the differentiation and maturation of OPCs, suggesting that the CXCL12/CXCR4 axis could be a promising therapeutic candidate to improve remyelination in MS.
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As our society ages inexorably, geroscience and research focusing on healthy aging is becoming increasingly urgent. Macroautophagy (referred to as autophagy), a highly conserved process of cellular clearance and rejuvenation has attracted much attention due to its universal role in organismal life and death. Growing evidence points to autophagy process as being one of the key players in the determination of lifespan and health. Autophagy inducing interventions show significant improvement in organismal lifespan demonstrated in several experimental models. In line with this, preclinical models of age-related neurodegenerative diseases demonstrate pathology modulating effect of autophagy induction, implicating its potential to treat such disorders. In humans this specific process seems to be more complex. Recent clinical trials of drugs targeting autophagy point out some beneficial effects for clinical use, although with limited effectiveness, while others fail to show any significant improvement. We propose that using more human-relevant preclinical models for testing drug efficacy would significantly improve clinical trial outcomes. Lastly, the review discusses the available cellular reprogramming techniques used to model neuronal autophagy and neurodegeneration while exploring the existing evidence of autophagy’s role in aging and pathogenesis in human-derived in vitro models such as embryonic stem cells (ESCs), induced pluripotent stem cell derived neurons (iPSC-neurons) or induced neurons (iNs).
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Introduction

Overcoming the effects of time has long since been one of the holy grails of science. Extending the human lifespan brings a lot of unforeseen consequences. By 2040, age-related neurodegenerative diseases will become the main cause of morbidity in industrialized countries, followed by cancer (Ferri et al., 2005). The extension of lifespan specifically that of healthy lifespan (healthspan) will have enormous effects on society, in both the quality of life and economical points of view. One of the promising “fountains of youth” is related to autophagy and its effects on age-related changes.

Organisms undergo a variety of changes during the process of aging, which impair cellular quality control via disturbed proteostasis, impaired clearance of macromolecules, persistent cellular senescence, stem cell exhaustion, and telomere shortening. Macroautophagy (further referred to as autophagy) plays a key role in aging by maintaining cellular homeostasis through the degradation of unnecessary or dysfunctional components (Hansen et al., 2018; Tabibzadeh, 2023).

Autophagy is an evolutionarily conserved degradation process where cytoplasmic portions and organelles are sequestered into a double-membrane vesicle, an autophagosome (AP), followed by delivery into a degradative organelle, the lysosome, creating an autolysosome (AL) for breakdown and recycling of the resulting macromolecules (Klionsky et al., 2016). This highly dynamic, multi-step process characterized as the autophagic flux is the entire autophagic pathway, which cells can tune according to their metabolic needs (Klionsky et al., 2016).

The autophagic process is mediated by several protein complexes. The most important factors during initiation are the ULK1/2 (Unc-51 like autophagy activating kinase) initiation complex, BECN1 (Beclin1) and some key ATG (autophagy-related-genes) proteins. The main mediator of AP formation is the MAP1LC3B (Microtubule Associated Protein 1 Light Chain 3 Beta; further referred to as LC3B) complex, while SQSTM1 (Sequestosome 1; further referred to as p62) plays role in cargo engulfment (Klionsky et al., 2016; Hansen et al., 2018). In AP-lysosome fusion LAMP proteins (LAMP1 and 2; Lysosomal-associated membrane proteins) play a central role promoting AL formation and degradation.

Autophagy is a critical cellular process for preserving cellular homeostasis by clearance of debris and turnover of cellular compartments. The absence of essential autophagy genes or proteins, as well as impairments in their function cause perturbations in the autophagic flux leading to accumulation of certain autophagic structures and insufficient cellular clearance. Autophagic flux impairment is present in several human neurodegenerative diseases (Zhang et al., 2013).

Regulation of autophagy involves numerous interconnected signaling pathways. Main negative autophagy regulators of autophagy are: (i) the mTOR (mammalian target of Rapamycin), (ii) the PI3K/Akt (Phosphoinositide 3-kinase/Serine-threonine protein kinase), and (iii) the MAPK/ERK (Mitogen-activated protein kinase/Extracellular signal-regulated kinase) signaling pathways (Hansen et al., 2018). mTOR indirectly inhibits autophagy via reducing autophagic protein and lipid synthesis by suppressing transcription factor EB (TFEB) a key regulator of lysosomal biogenesis and autophagy (Hansen et al., 2018; Nnah et al., 2019). The MAPK/ERK signaling inhibits autophagy through enhancing mTOR activity, while the PI3K/Akt signaling blocks autophagy initiation via inhibiting the ULK1 complex (Zachari and Ganley, 2017). Major positive regulators of autophagy are: TFEB, regulating protein and lipid synthesis for autophagy-endolysosomal pathways, Adenosine-monophosphate activated-protein kinase (AMPK), and c-Jun N-terminal kinase (JNK), promoting the ULK1 complex and BECN1, respectively (Dhanasekaran and Reddy, 2017; Nnah et al., 2019; Wang et al., 2020).

Several studies indicated that activation of autophagy can efficiently extend the lifespan of various organisms such as yeast, worms, flies, and mammals (Hansen et al., 2018; Aman et al., 2021; Kaushik et al., 2021). Moreover, stem cell research revealed, that autophagy plays a critical role in maintaining cellular stemness by regulating the mitochondrial content to help cellular adaptation to different metabolic requirements, and by reducing the accumulation of damaged mitochondria and reactive oxygen species (ROS) (Chang, 2020). Cellular stemness represents an extraordinal capability of self-renewal and escaping aging (Zhu et al., 2015). In stem cells the activity of the autophagic process is remarkably elevated which indicates a crucial role for stemness phenotype maintenance (Chang, 2020; Adelipour et al., 2022). Several studies have shown that induction of autophagy can accomplish rejuvenation of quiescent stem cells that can restore age-related molecular and functional features both in vitro and in vivo (Figures 1D–E; Chen et al., 2009; Zhu et al., 2015; Leeman et al., 2018; Fang et al., 2020; Navarro Negredo et al., 2020; Park et al., 2021; Tan et al., 2021).
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FIGURE 1
Cellular reprogramming models derived from human somatic cells to study aging and rejuvenation via autophagy modulation. Schematic figure summarizing cellular reprogramming models derived from human somatic cells to study neuronal rejuvenation via autophagy modulation. Human-derived in vitro 2D neuronal models can be generated from embryonic stem cells (ESCs) (A) or by post-differentiation reprogramming (B) from pluripotent stem cells (iPSCs) derived from somatic human cells. In addition, direct reprogramming (C) allows the generation of induced neurons (iNs). 3D brain organoids can be generated by 3 routes: from ESCs, iPSCs and iNs. The use of known (mTOR, AMPK, ATG5, BECN1, and TFEB) and yet undiscovered therapeutic autophagy targets (D) allows the rejuvenation (E) of neuron and brain organoid models for modeling neuronal aging. AMPK, AMP-activated protein kinase; BECN1, Beclin-1; ESC, embryonic stem cell; FOXO, forkhead box class o family member protein; iPSC, induced pluripotent stem cell; mTOR, mammalian target of rapamycin; TFEB, transcription factor EB.


Autophagy is not only a key element in lifespan expansion, but growing evidence indicates its pivotal role in age-related neurodegeneration, contributing to the development of late-onset disorders like Alzheimer’s disease (AD), Parkinson’s disease (HD), and Huntington’s disease (HD) (Menzies et al., 2015). Altogether, growing number of evidence indicated autophagy activation as a potentially beneficial therapeutic target in aging and especially in age-related human specific diseases.

In this review we discuss the current clinical trials in which autophagy modulating therapies are applied to improve symptoms of neurodegenerative disorders. In addition, we summarize the available in vitro models that can recapitulate some key aspects of human neuronal aging (Figures 1A–C) and emphasize the need for more efficient tools in future neuronal rejuvenation studies targeting autophagy (Figures 1D–E).



Autophagy-modifying therapies in age-related neurodegenerative diseases

Basal and selective autophagy are both key mechanisms that ensure the clearance of toxic, cytoplasmic pathological agents like misfolded, mislocalized and aggregated proteins that contribute to many age-related neurodegenerative diseases. The number of damaged organelles and proteins increase progressively throughout human life. Autophagy has also been described as a cell survival mechanism with antiapoptotic properties (Noguchi et al., 2020). During aging autophagy declines progressively in human neurons (Aman et al., 2021). Downregulation of autophagy-related genes such as ATG5, ATG7, ATG16 (Lipinski et al., 2010), and BECN1 (Shibata et al., 2006; Lipinski et al., 2010) was shown in human glioblastoma cells and in postmortem brain tissue. The age-dependent reduction in the autophagic process contribute to impaired cellular homeostasis due to imbalance in cellular resources and accumulation of debris (Aman et al., 2021; Kaushik et al., 2021). Age is obviously the main risk factor for several disorders, including neurodegenerative diseases (Hou et al., 2019). Human studies demonstrate that autophagy dysfunction is present in almost all of the age-related neurodegenerative disorders, such as AD (Nixon et al., 2005; Nilsson et al., 2013; Sun et al., 2014), PD (Zhu et al., 2003; Tanji et al., 2011; Moors et al., 2016; Chang et al., 2017), and HD (Sapp et al., 1997; Martinez-Vicente et al., 2010; Pircs et al., 2022), the question about the role of autophagy in disease development and progression arises.

Previously addressed preclinical studies suggest that autophagy activation can potentially prevent or halt age-related neurodegenerative diseases, thus autophagy targeting interventions may provide new therapeutic options for these patients. Here we summarize therapeutic approaches using pharmacological autophagy inducers targeting uncurable age-related neurodegenerative human-specific diseases in currently ongoing or already completed clinical trials from the last five years dating from 2018 (Table 1). We conducted systematic search at ClinicalTrial.gov using key words for AD, PD or HD and sorted out trials in which agents with autophagy modulating properties were administered in monotherapy as a primary intervention in the last five years between 2018 and 2022. We collected the most promising drugs—those that were tested in more than one trial in the last five years—in Table 1.


TABLE 1    Autophagy-modifying drugs used in clinical trials targeting age-related neurodegenerative disease.
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Alzheimer’s disease

Alzheimer’s disease is a neurodegenerative disease characterized by extracellular deposits of amyloid-ß plaques and intracellular neurofibrillary tangles (tauopathies). Repeated unsuccessful attempts to inhibit the formation of abnormal proteins (tau, amyloid-ß) by pharmacological drugs has led researchers to turn toward autophagy-related interventions (Long and Holtzman, 2019; Fu et al., 2021). In the nervous system in particular, the role of autophagy in maintaining protein homeostasis is essential, therefore treatments targeting autophagy offer a promising therapeutic option (He et al., 2012; Karabiyik et al., 2021). Several pharmacological compounds modulating autophagy have shown beneficial effects against various symptoms of AD.

Memantine (NMDA-receptor antagonist) and Donepezil [Acetylcholine-esterase (AChE) inhibitor] are two of the five FDA approved drugs to treat AD affected patients. The autophagy enhancing effects of these agents were recently shown as to contribute to their neuroprotective properties (Dasuri et al., 2016; Hirano et al., 2019). Memantine and Donepezil are still intensively studied autophagy-modulator agents in AD with completed and still ongoing trials from the last five years as specified by ClinicalTrial.gov database (Table 1). Other promising candidates in connection with autophagy, such as Bryostatin, Idalopirdine (Lu AE58054), and Pimavanserin (Meffre et al., 2012; Wilkinson et al., 2014; Nelson et al., 2017; Atri et al., 2018; Ballard et al., 2019; Srinivasan et al., 2020; Ramachandran et al., 2021; Mandic et al., 2022), are still under clinical testing.

Often drugs with other indications exert neuroprotective effects possibly via autophagy-modulation. Levetiracetam an antiepileptic drug inducing BECN1, and LC3B-II expression is currently tested in AD with promising results. In addition, preliminary data from a currently ongoing phase 2 trial report that Levetiracetam can stabilize memory function not just in epileptiform, but in non-seizure AD patients as well (Sen et al., 2021). Metformin, a widely used antidiabetic drug has been shown to act on autophagy via AMPK activation (Farr et al., 2019). Campbell et al. (2018) published a meta-analysis demonstrating that Metformin use in diabetic patients significantly lower the risk of dementia and AD. Sargramostin, an immunomodulator improved cognition and ameliorated Aß- and tau-pathology in AD patients, possibly via autophagy induction (Potter et al., 2021).



Huntington’s disease

Huntington’s disease is a neurodegenerative disorder with an autosomal-dominant inheritance caused by an expansion of CAG repeats that leads to an abnormal polyglutamine strand in the huntingtin protein (HTT). The therapeutic targets that alleviate protein misfolding or promote clearance of misfolded proteins generally slow the progression of the disease in HD models (Pircs et al., 2018, 2022; Brattås et al., 2021; Schumann-Werner et al., 2021). HD is unique in terms of its decisive relationship with autophagy. Wild-type HTT plays an important role in the regulation of autophagy. Autophagy dysfunction, which is a characteristic of HD, not only impairs the clearance of protein aggregates and non-functioning organelles, but mutant HTT also results in the loss of the beneficial regulatory role of HTT in autophagy (Martin et al., 2015; Luo et al., 2020). According to the ClinicalTrials.gov database there are an increasing number of clinical trials in HD targeting distinct steps of autophagy, such as Pridopidine, Memantine, Metformin, and Rilmenidine.

Multiple clinical trials demonstrated the effectivity of Pridopidine in HD especially motor symptoms improvements. Additionally, long-term, high patient number trials showed improvements in cognitive and functional symptoms (Lundin et al., 2010; de Yebenes et al., 2011; Karl et al., 2013). A phase 3 trial is still ongoing involving early-stage HD patients to investigate Pridopidine’s effect on disease progression (NCT04556656) (Table 1).

Huntington’s disease is a rare disorder with much less registered clinical trials than in AD or PD. Nevertheless, we review some additional autophagy targeting drugs, which did not meet our selection criteria of being tested in more than 1 trial since 2018, but still show promising results.

Memantine is a previously described drug approved for treatment of AD that has also been tested in HD. Previous clinical trials demonstrated the efficacy of Memantine in preventing progression of chorea and motor dysfunctions (Ondo et al., 2007). Some trials suggested that Memantine could also prevent disease progression (Beister et al., 2004; Hjermind et al., 2011). For the past five years, one phase 4 trial has been registered on ClinicalTrial.gov database completed in 2021, with no results published yet (NCT00652457).

Metformin is a type II diabetes drug that inhibits translation of mutant HTT through the MID1/PP2A/mTOR protein complex, thereby preventing its synthesis in Hdh150 mouse models in vitro and in vivo (Arnoux et al., 2018). A clinical trial started in 2021 using metformin in HD patients is currently in phase 3 and is recruiting patients (NCT04826692).

Imidazoline-1 receptor agonist Rilmenidine is a frequently used antihypertensive agent. Rilmenidine acts as an mTOR-independent autophagy inducer and can attenuate mHTT-related neurotoxicity through this pathway in HD (Rose et al., 2010; Perera et al., 2018, 2021). A two-year open-label study investigated the efficacy of Rilmenidine in mild and moderate HD patients (trial registration: EudraCT number 2009-018119-14) (Underwood et al., 2017). Although the trial faced limitations (low patient number, no placebo arm, open-label) the authors reported a lower rate of generalized brain atrophy, and smaller decline in mental and disease status scores compared to TRACK-HD data (Underwood et al., 2017).



Parkinson’s disease

Parkinson’s disease is one of the most common neurodegenerative diseases that causes dopamine deficiency through the loss of dopaminergic neurons in the substantia nigra. In postmortem PD brains intracellular α-synuclein protein aggregation can be observed, which leads to the formation of the so-called Lewy bodies (Hartmann, 2004). Mutation in the LRRK2 gene is one of the most frequent cause of late-onset PD. These mutations account for 5–13% of familial PD and 1–5% of idiopathic PD (Rui et al., 2018). In LRRK2 mutation-related PD increased autophagosomal-lysosomal activity can be observed which causes aggregation of accumulating autophagic vesicles and hinder autophagic clearance (Rui et al., 2018). In addition to the abnormal protein aggregates, there is a dysfunctional metabolism resulting from autophagy dysfunction and disruption of the lysosome degradation pathway (Decressac et al., 2013; Poewe et al., 2017; Hou et al., 2020; Drouin-Ouellet et al., 2022). Despite the high incidence of this incurable disease, current therapies can only delay the progression of PD. Potential autophagy-related therapeutic targets for the treatment of PD are BECN1 and TFEB, which regulate autophagy by degradation of cellular compartments through a specific network called CLEAR (Coordinated Lysosomal Expression and Regulation).

According to the ClinicalTrials.gov database, several drugs with autophagy-modulating properties are involved in more than one trial for PD since 2018.

AMPK-inducer Pramipexole (a D2/D3 receptor agonist) and Istradefyllin (an adenosin receptor A2A antagonist) are already FDA-approved drugs for PD with beneficial effects on depression, motor and cognitive functions (Biglan and Holloway, 2002; Reichmann et al., 2003; Liu Y. et al., 2016; Mo et al., 2016; Torti et al., 2018; Chen and Cunha, 2020; Kanzato et al., 2020; Gencler et al., 2022).

There are certain autophagy modifying drugs used in neurological disorders such as Atomoxetine [used in attention deficit hyperactivity disorder (ADHD)], Dexmedetomidine (used as sedative in schizophrenia and bipolar disorders), and Cannabidiol (FDA approved drug for epilepsy); that also seems to be beneficial in PD by improving both motor (e.g., dyskinesia) and non-motor symptoms (concentration, behavior, psychosis, sleeping, etc.) (Rozet et al., 2006; Marsh et al., 2009; Yang et al., 2014; Hinson et al., 2016; Martinez-Simon et al., 2017; Warner et al., 2018; Crippa et al., 2019; Huestis et al., 2019; Yu et al., 2019; Lombardo et al., 2020; Patricio et al., 2020; Nakajima et al., 2021).

Other promising pharmacotherapeutic agents currently under clinical testing for PD which are used since decades for other indications such as bronchitis, chronic obstructive pulmonary disease (Ambroxol) or type II diabetes and metabolic syndrome (Exenatide) (Aviles-Olmos et al., 2014; Foltynie and Aviles-Olmos, 2014; McNeill et al., 2014; Athauda et al., 2017).

In summary, autophagy is a promising pathway for targeting age-related uncurable neurodegenerative diseases. Despite the promising outlook of autophagy-based treatments in experimental models, the high number of failed clinical trials call for more reliable pre-clinical models that can capture key aspects of human aging. There is an urgent need to develop human relevant models to study physiological and pathophysiological changes of autophagy during aging and neurodegeneration in order to provide clinically effective therapies.



Cellular reprogramming models to study autophagy

Several studies indicate impaired neuronal autophagy as one of the key elements in neurodegenerative processes (Labbadia and Morimoto, 2015; Aman et al., 2021; Karabiyik et al., 2021). Our current knowledge is mostly based on findings in postmortem and animal models, and while these models are unprecedentedly important in aging research, there is also a pressing need to further investigate neuronal autophagy in preclinical in vitro human neuronal models. We review the already established human neuronal models that studied autophagy in aging-related conditions and the potential new models that capture aging and the role of autophagy in it (see Figure 1).

In vitro reprogramming of somatic cells allows us to investigate human-derived cells which are rare or hard to access, like neurons (Mertens et al., 2016). The main goal is to use and perform detailed downstream analysis of human-derived cellular model systems with a wide range of techniques [electrophysiology, sequencing, mass spectrometry, Western blot (WB), immunostaining, microscopy etc.] to measure autophagy.

Conventional 2D human-derived induced neuronal stem cell models are derived from either human embryonal stem cells (ESC) (Figure 1A) or human-derived induced pluripotent stem cells (iPSC) (Figure 1B). These models have been used in growing numbers for studying autophagy in several late-onset neurodegenerative diseases and revealed autophagic alterations in connection with neurodegeneration (Prajumwongs et al., 2016; Jungverdorben et al., 2017; Mertens et al., 2018; Kolahdouzmohammadi et al., 2021). ESC-derived neuronal models (Figure 1A) used to study cellular pathogenesis are present almost exclusively in stem cell transplantation experiments for ethical reasons (Singh et al., 2016). On the other hand, since they represent prenatal neural age, they are not suitable for investigating neuronal autophagy in aging (Steg et al., 2021). iPSCs can be generated from adult (ergo aged) somatic cells by forced expression of specific genes responsible for cellular stemness (e.g., POU5F1, SOX2, MYC, KLF4) either with viral transduction, microRNAs or chemical compounds (Ghaedi and Niklason, 2019; Figure 1B). Through this procedure, iPSCs are reprogrammed to an earlier epigenetic stage from which they can be further differentiated into any somatic cell types of the human body preserving the genetic features of the donor (Rando and Chang, 2012; Mertens et al., 2018; Ghaedi and Niklason, 2019). Although, since iPSC-neurons get rejuvenated, predicted as being fetal-like neurons based on their DNA methylation profile (Steg et al., 2021), they are useful tools to study the role of autophagy in rejuvenation or in mutation-driven neuronal diseases, but their use in neuronal aging research is constrained by their rejuvenated phenotype (Mertens et al., 2018).

Most neuronal reprogramming studies which focus on macroautophagy alterations have been done in human iPSC PD models so far. Studies of LRRK2-G2019S mutant iPSC-derived dopaminergic neurons (DANs) revealed compromised autophagic maturation and clearance accompanied by morphological alterations of PD-DANs (Sánchez-Danés et al., 2012; Reinhardt et al., 2013; Su and Qi, 2013; Borgs et al., 2016). Borgs et al. (2016) identified upregulation of LC3B, ATG5 and ATG7 genes by RT-qPCR. Sánchez-Danés et al. (2012) identified significant increase both in LC3B+ and p62+ autophagic structures by immunostaining analysis and elevated level of LC3B-II protein by WB. These findings were confirmed by the accumulation of autophagic structures using electron microscopy (EM) (Sánchez-Danés et al., 2012). Consequently, Su and Qi also detected increased LC3B-II level by WB and immunostaining and increased lysosomal activity in PD-DANs (Su and Qi, 2013), while Reinhardt and colleagues reported decline in basal autophagic activity observed as decreased LC3B-II protein level but accumulation of autophagic structures by EM (Reinhardt et al., 2013). Interestingly, other PD-related mutations – LRRK2-I2020T (elevated LC3B-II and p62 protein level (Ohta et al., 2015)), GBA1-N370S (increased LC3B-II and LAMP1 protein level (Schöndorf et al., 2014); increased LC3B-II, p62, BECN1, LAMP1 and LAMP2 protein level (Fernandes et al., 2016)), SAC1-R258Q (increased number of WIPI2+ autophagic structures by immunostaining (Vanhauwaert et al., 2017))—showed similar detrimental effect on autophagic processes in PD-DANs. Present studies have not implicated autophagy impairments in other mutation-related PD, such as PINK1 or PARK2 mutant iPSC-derived neurons. Heman-Ackah et al. (2017) investigated iPSC neurons derived from PD patients with a special SNCA mutation caused by the multiplication of the α-synuclein (SNCA) gene. They found reduced BECN1 protein levels, while GO analysis of transcriptomic data revealed enrichment for autophagic pathways in SNCA mutant PD-neurons (Heman-Ackah et al., 2017). di Domenico et al. (2019) used an exciting new approach to generate iPSC-DANs and iPSC-astrocytes from the same donors and investigated LRRK2-G2019S mutation-driven PD-related changes in the autophagic course using DAN-astrocyte co-culture experiments. The authors emphasized that PD-astrocytes showed even stronger impairment in autophagic clearance than PD-DANs resulting in more robust α-synuclein accumulation. Moreover, these dysfunctional PD-astrocytes were able to impair normal neural functions of healthy control-derived DANs (di Domenico et al., 2019). In hESC-derived PD models no studies could be found up to date where the autophagic process was investigated in detail.

Significant autophagy dysfunction has been also observed in iPSC models of AD. Lee et al. (2014) and Reddy et al. (2016) reported decreased autophagic flux accompanied by accumulation of autophagic vacuoles in iPSC-derived neurons from AD patients. Lee reported decreased p62 and elevated TFEB, LC3B-II and LAMP1 protein level by WB analysis and accumulation of autophagic vacuoles by EM in Presenilin-1 (PS1) mutant AD-neurons (Lee et al., 2014). The authors considered that increased activity of acid sphingomyelinase presented in PS1 mutants caused the impairment in autophagolysosomal processes (Lee et al., 2014). Reddy et al. investigated PS1-depleted iPSC-derived neurons and found decreased LC3B-II/I ratio and decreased p62 level which showed strong correlation with the decreased promoter activity of Sestrin-2 (mediating oxidative stress rescue and AMPK-mTOR signaling (Liang et al., 2016)) accompanied by increased TFEB phosphorylation and mTOR activity (Reddy et al., 2016). According to the work of Verheyen et al. (2015) the induction of autophagy with Rapamycin or Trehalose in iPSC-derived neurons of AD patients reversed tau pathology. Ubina et al. (2019) studied hESC-derived neurons which were genetically modified to induce amyloid-ß accumulation to mimic AD proteinopathy. The amyloid-ß pathology was concomitant with reduction in LC3B+ autophagic structures indicating impairment in the autophagic clearance mechanism of amyloid-ß plaques (Ubina et al., 2019).

Numerous studies have investigated autophagy in HD patients-derived iPSC-neuronal models. Malankhanova et al. (2020) used two approaches to model HD neurons by either generating iPSC-striatal medium spiny neurons (iPSC-MSNs) from human embryonic fibroblasts which were genetically modified with CRISPR/Cas9 insertion of expanded 69 CAG repeat long tract or by generating iPSC-MSNs from HD patient-derived blood mononuclear cells with 47 CAG repeats. Large autophagic vacuoles were reported by transmission electron microscopy (TEM) accompanied by an impaired neural morphology (Malankhanova et al., 2020). Camnasio et al. (2012) detected elevated LC3B-II protein level by WB in HD iPSC-neurons, increased lysosomal activity using LysoTracker assay with flow cytometry and accumulation of lysosomes by immunostaining. Nekrasov et al. (2016) identified accumulation of autophagosomes and morphology impairments in HD patient-derived iPSC-GABA medium spiny-like neurons (hiPSC-GMSLNs) using TEM. These aberrations could be partially or fully restored by autophagy modifying agents, such as Lithium or LY294002 (PI3K inhibitor). Interestingly, treatment of HD iPSC-GMSLNs with EVP4593—which normalizes impaired Ca2+-transport—showed beneficial effect on autophagic processes by decreasing the number of autophagosomes (Nekrasov et al., 2016). In recent years, other studies also implicated new targets regulating the autophagic machinery in neurons. Fu and Zhang demonstrated in ESC- and iPSC-neurons that decreased autophagy was associated with increased HIPK3 (Homeodomain-interacting protein kinase 3) level in HD neurons (Fu et al., 2018; Zhang et al., 2022). Functional experiments revealed that HIPK3 activates DAXX (Death domain-associated protein 6), a transcriptional suppressor of autophagic genes (ULK1 and BECN1). Moreover, they identified a positive feedback loop between mHTT and HIPK3 as high level of mHTT induces HIPK3 which in turn inhibits autophagic clearance of mHTT. This process is thought to play an important role in disease progression (Fu et al., 2018; Zhang et al., 2022). Aron and colleges investigated the pathology-improving role of USP12 (Ubiquitin specific peptidase 12) in HD iPSC-neurons (Aron et al., 2018). USP12 increased autophagy via ATG7-dependent way by potentiating LC3B turnover (measured by optical pulse labeling assay) and increased the number of autophagic structures identified by EM. The use of super resolution microscopy and immunoprecipitation assay showed significant colocalization of USP12-p62 and USP12-mHTT-Optineurin (another autophagy receptor). USP12 may promote the degradation of mHTT by delivering mHTT to the autophagosomes (Aron et al., 2018). Guo et al. (2013) implicated the role of p53 and DRP1 induced autophagy-mediated cell death in HD iPSC-neurons which showed higher expression of these proteins. Di Pardo et al. (2017, 2019) showed that sphingosine-1-phophate (S1P) metabolization is impaired in iPSC-neurons derived from HD patients, which can also play a role in autophagy dysfunction as elevated S1P level induce autophagy (Di Pardo et al., 2017; Di Pardo et al., 2019). A recently published paper by Bailus et al. (2021) identified another potential autophagy suppressor FKBP5 in human neural stem cells (hNSC) and iPSC-MSNs. The authors propose that FKBP5 binds to mHTT (colocalization was detected by immunostaining) and induce conformational changes which prevent mHTT from autophagosomal degradation (Bailus et al., 2021). FKBP5 seems to have autophagy modulating effects too, as pharmacological or siRNA inhibition induced autophagy manifested in increased level of LC3B-II, p62 and ULK1 protein level (Bailus et al., 2021).

Autophagy impairment was also present in HD astrocytes. Juopperi et al. (2012) reported that autophagy is dysfunctional in the astrocytes generated from iPSCs of an adult-onset patient with 50 CAG repeats and his daughter with juvenile HD (109 CAG repeats). iPSC-astrocytes of the juvenile HD patient showed even stronger upregulation in LC3B+ autophagic structures (immunostaining) which was confirmed by TEM as well (Juopperi et al., 2012).

These initial studies point clearly towards a clear alteration in neuronal autophagy in AD, PD and HD; however, the limitations of iPSC-derived neuronal models mimicking human neuronal aging and age-related neurodegenerative diseases need to be kept in mind. The pluripotent phase during reprogramming allows the iPSC-derived neuronal cells to get rejuvenated, and as a consequence, the cells lose many of their aging signatures including DNA methylation (Horvath, 2013; Frobel et al., 2014), transcriptome profile (Mertens et al., 2015), telomer length (Marion et al., 2009), mitochondrial dysfunction (Suhr et al., 2010) and senescence (Lapasset et al., 2011). The clonal expansion of these cells further causes the loss of the genetic heterogeneity originally present in patient-derived samples which can bias our findings especially in cases of idiopathic disease modeling (Mertens et al., 2018). Moreover, studies demonstrated that in many cases iPSC-derived disease models don’t exhibit disease-associated phenotypes under normal culture condition (Dimos et al., 2008; Soldner et al., 2009; Zhang et al., 2010; HD iPSC Consortium, 2012) only upon introducing interventions to mimic aging-like phenotype (ROS, telomere manipulation, progerin, etc.) (HD iPSC Consortium, 2012; Miller et al., 2013; Vera et al., 2016; Wu et al., 2019; Chao et al., 2021).

There are increasing number of exciting attempts to induce aging in iPSCs. Vera et al. (2016) applied telomerase inhibitor treatment to initiate aging-like processes in iPSCs and iPSC-derived neurons. As a result, they observed age-like features such as shorter telomers, increased ROS, DNA damage, reduced dendrite numbers and reduced proliferation. Treatment with telomerase inhibitor in PD-patient derived iPSC-neurons could only present preliminary PD-like phenotype [tyrosine hydroxylase (TH) loss] (Vera et al., 2016). Miller et al. (2013) and Machiela et al. (2020) induced overexpression of progerin (a truncated form of lamin A), which elevates with aging. Accelerated aging-like phenotype of iPSC-neurons included dendrite degradation, TH loss, mitochondrial dysfunction, and protein aggregates. Stress-induced aging was investigated by Zhu et al. (2019) in PD patient iPSC-derived neural progenitor cells (NPCs). They reported decreased SIRT1 (a histone-deacetylase responsible for stress resistance) expression accompanied by increased level of senescence-associated proteins like P53, P21, and P16 and autophagy dysfunction via ATG acetylation upon irradiation and MPTP (1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine) treatment (Zhu et al., 2019).

Altogether, these initial studies indicate that iPSC-derived neurons can capture some aging aspects of the donor but it is important to note that iPSC reprogramming strongly boosts autophagy in the cells, as highly active autophagy machinery is one of the hallmarks of cellular stemness meaning that autophagy induction is inevitable in iPSC generation (He et al., 2012; Wang et al., 2013; Tang, 2014).

Considering that aging is an incredibly complex and not yet fully understood process, an in vitro model which can preserve the genotype and the aging phenotype of the donor would be beneficiary to study neuronal autophagy during human aging in detail (Torrent et al., 2015; Mertens et al., 2018). Direct cellular reprogramming, a relatively novel technique can potentially overcome some of the limitations of currently well-known and widely used cellular reprogramming techniques in studying neuronal aging in vitro (Drouin-Ouellet et al., 2017; Inagaki et al., 2022; Figure 1C). During direct neural reprogramming, cells are being transdifferentiated into induced neurons (iNs) without going through a pluripotent or progenitor phase by using a combination of proneuronal transcription factors, microRNAs, growth factors and chemical compounds. The inevitable benefit of this technique is that the generated cells maintain not just the genetic but also the epigenetic—including many of the aging—signature of the parental cells (Drouin-Ouellet et al., 2017; Mertens et al., 2018; Shrigley et al., 2018). This novel technique allowed the generation of in vitro physiologically aged human cells which can recapitulate some key aspects of the donors age, such as DNA methylation, transcriptomic aging, DNA damage, mitochondrial dysfunction, accelerated ROS production and oxidized proteins, impaired proteostasis, cellular compartmentalization defects, altered membrane potential and morphology (Jovičić et al., 2015; Mertens et al., 2015; Yang et al., 2015; Huh et al., 2016; Liu M. et al., 2016; Drouin-Ouellet et al., 2017; Tang et al., 2017; Kim et al., 2018; Shrigley et al., 2018; Victor et al., 2018; Pircs et al., 2022).

Altogether, this novel technique is proved to preserve a highly complex epigenetic phenotype. iNs are thus considered as a more realistic representation of the aging-signature of the human donor as iPSC models. Therefore, using direct neural reprogramming in studying human neuronal aging and age-related neurodegenerative diseases can give us fundamental knowledge about the mechanism of epigenetic aging and its role in neuronal diseases (Mertens et al., 2018; Drouin-Ouellet et al., 2022; Pircs et al., 2022). In our latest paper, we investigated neuronal autophagy disturbances using HD-derived induced neurons (HD-iNs) (Pircs et al., 2022). We demonstrated that patient-derived iNs can recapitulate many aspects of the disease phenotype, like accelerated aging, reduced neuronal morphology and autophagy discrepancies (Pircs et al., 2022). HD-iNs showed enhanced epigenetic age based on DNA methylation assay and transcriptional changes. Disease-like phenotype was also manifested in aberrant morphology of HD-iNs having shorter and thinner neurites compared to age-matched healthy iNs. Global proteomic analysis confirmed by WB revealed significant autophagy impairment in HD-iNs affecting the AMPK pathway. Most interestingly, immunocytochemistry staining of autophagic structures (LC3B, p62, and LAMP1) clearly showed that there is a subcellular, compartment-specific impairment of autophagy in HD-iNs characterized by autophagosome accumulation in the neurites (Pircs et al., 2022). Oh et al. (2022) used HD-derived induced medium spiny neurons (iMSNs) generated from healthy donors, symptomatic (HD-iMSNs) and pre-symptomatic HD (preHD-iMSNs) patients using direct reprogramming. They found remarkable age- and disease-related alterations in chromatin accessibility, decrease in LC3B+ and increase in p62+ autophagic structures and miR-29b-3p miRNA upregulation in HD-iMSNs compared to the control and preHD-iMSN groups (Oh et al., 2022). Target gene pathway analysis of miR-29b-3p revealed the role of miR-29b-3p in senescence and autophagy (Oh et al., 2022). These findings further support the decisive role of autophagy impairments in HD-related neurodegeneration and accelerated aging. Most recently, Drouin-Ouellet et al. (2022) applied the induced neuronal model to study autophagy in idiopathic PD patient-derived induced neurons (iNs) and induced dopaminergic neurons (iDANs). They reported impaired autophagic activity in PD-iDANs, especially at the early steps of the autophagic process, which was also supported by a downregulation of early autophagy-related genes (Drouin-Ouellet et al., 2022). Consequently, age-dependent accumulation of LC3B+, LAMP2+, and p62+ autophagic structures and phosphorylated a-synuclein could be detected in PD-iDANs (Drouin-Ouellet et al., 2022). Through comparing iDANs with iNs generated from the same PD patient, they could observe neuronal subtype specific autophagy impairments resulting in different neuronal vulnerability of iDANs than iNs, which is in line with the dopaminergic neuronal loss present in the human PD brain (Hartmann, 2004; Drouin-Ouellet et al., 2022). Remarkably, these disease-specific features were not present neither in the parental fibroblasts, nor in iPSC-derived iDANs from the same donor, underlining the importance of the direct reprogramming in idiopathic, late onset neurodegenerative disease modeling (Drouin-Ouellet et al., 2022).

As we have mentioned above, direct neuronal reprogramming-based disease models are great tools to capture the genetic and epigenetic features of aging and age-related neurodegenerative diseases to study them in a human-derived in vitro system. The so far published studies underline its capability to reveal age-related and disease-specific neuronal features, which could not be achieved in such complexity in iPSC models. Although, induced neurons also have limitations. Using skin fibroblasts as a cell source for transdifferentiation, skin-specific age-related changes may get carried over into iNs, such as UV irradiation-induced DNA changes; these may bring non-neuronal aging-relevant aspects into the system (Mertens et al., 2018; Pircs et al., 2022). The cell source can also be a limiting factor, as skin biopsy is an invasive procedure necessitating medical contribution and ethical approvals (Vangipuram et al., 2013). From the skin biopsy sample, a certain number of fibroblasts can be separated which need to be expanded for experimental purposes, but high passage number fibroblasts (over 15 passages) tend to lose their transdifferentiation capability (Vangipuram et al., 2013; Pircs et al., 2022). This limitation can be, however, overcome with good cell banking practice. The generation of isogenic controls remain extremely challenging compared to iPSC technology, therefore the selection and size of the cohort becomes very important. However, as the iN technology is much less laborious than the iPSC method, higher number of samples can be studied at a time (Drouin-Ouellet et al., 2017; Pircs et al., 2022).

In summary, conventional 2D culture models are highly suitable for investigating aging and disease phenotype in a simplified, human-origin system using various interventions (starvation, drug administration, viral transduction, CRISPR etc.) and a wide range of techniques for analysis (microscopy, immunostaining, molecular biology techniques, multiomics, etc.). Using 2D neuronal cultures (iPSC-neurons and iNs) we already gained substantial human-relevant knowledge about the role of autophagy processes and impairments in neurons and in neurodegeneration, and this will be surely strengthened in the future.

However, neurons cultivated in monolayer culture clearly miss dimensional and spatial complexity (Duval et al., 2017). Besides the widely used 2D cell culture, in the last decades more and more attempts were made to achieve new cellular model systems which have higher complexity than monolayer cultures. 3D cell culture is a fairly new and fast-developing approach which may bridge the gap between classic in vitro and in vivo research modalities by combining advantages from both (Lancaster and Knoblich, 2014; Amin and Paşca, 2018). The most important benefits of the 3D neuronal models are complex structure, high accessibility, and easy handling which are suitable for high throughput screening purposes (Lancaster and Knoblich, 2014; Amin and Paşca, 2018).

Due to the novelty of the 3D technique in neural aging and neurodegeneration research, most of the related publications are still focusing on the development and optimization of reproducible, high efficiency and disease-specific 3D neural models (Brawner et al., 2017; Centeno et al., 2018; Brighi et al., 2020). However, few pioneer studies have been published recently, which demonstrated that brain organoid models can be used to study autophagy in human neural cells in a more complex view than in monolayer systems (Ha et al., 2020; Lee et al., 2020; Jarazo et al., 2022). The human-derived 3D models used in these studies were generated from iPSCs, derived from healthy donors and patients with neurodegenerative diseases (e.g., PD (Ha et al., 2020; Jarazo et al., 2022) and Niemann-Pick lysosomal storage disease type C (NPD) (Lee et al., 2020). Determination of the autophagic flux was achieved by transcriptomics (NPD: TFEB, RAB39A, RAB23, VAMP7, VAMP8, SNAP25) (Lee et al., 2020), proteomics (PD: EIF2S1, RRAGC, AKT1, HMGB1, IGFR1, LAMP2, 14-3-3ζ, BIRC7) (Jarazo et al., 2022) and detection of autophagy markers by WB (LC3B-II/I, p62) (Ha et al., 2020; Lee et al., 2020). Abnormal autophagy function in patient-derived organoids could be demonstrated in these 3D models (Ha et al., 2020; Lee et al., 2020; Jarazo et al., 2022). The level of LC3B-II was significantly elevated in PD-organoids (Ha et al., 2020) and NPD-derived organoids (Lee et al., 2020). NPD organoids also showed increased p62 expression (Lee et al., 2020). The authors demonstrated the applicability of 3D models for drug testing as they successfully treated the PD-organoids with 2-hydroxypropyl-ß-cyclodextrin (HP-ß-CD) (Jarazo et al., 2022), and LRRK2 kinase inhibitor PFE-360 (Ha et al., 2020) and used valproic acid (VPA) in the NPD-organoids (Lee et al., 2020). PFE-360 and VPA effectively restored autophagic processes by reducing LC3B-II and p62 levels in PD and NPD patient-derived organoids, respectively, (Ha et al., 2020; Lee et al., 2020). While VPA also enhanced genes involved in autophagy induction (TFEB, RAB39A, RAB23) and fusion (VAMP7, VAMP8, SNAP25) (Lee et al., 2020). With the treatment of PD-organoids with HP-ß-CD, autophagic flux could be restored by modulating autophagy regulator proteins LAMP2, 14-3-3ζ, and BIRC7 (Jarazo et al., 2022).

In summary, these studies demonstrate the potential of 3D neural models to study autophagy in neurodegenerative diseases. However, the investigation of neural aging in 3D models has still not been addressed as iPSC-derived organoids lose the aging signature of the donor (Mertens et al., 2018). Transcriptomic analysis revealed that even four-months old brain organoids (longest cultivation time to date) mimic the transcriptomic profile of a second/third-trimester human fetal tissue (Hartley and Brennand, 2017). An extremely interesting and promising development will be the generation of organoids from aged-iPSCs, or iNs (Figure 1E), which could bypass this problem, however, such models remain to be established.



Conclusion

There is growing evidence of autophagy as a key factor in neuronal aging and health. The autophagy machinery was first described 60 years ago, and several studies have since then demonstrated a strong correlation between autophagic activity and aging with a conserved presence in a wide range of species (Aman et al., 2021). The gradual decline in autophagic activity during aging suggests autophagy has a defining role in youth and age.

As humans age, autophagy declines progressively in the brain (Shibata et al., 2006; Lipinski et al., 2010). Several recent studies have revealed a pivotal role of autophagy impairment in neurodegenerative diseases, especially in late-onset neuronal disorders like PD, AD and HD (Sapp et al., 1997; Zhu et al., 2003; Nixon et al., 2005; Martinez-Vicente et al., 2010; Tanji et al., 2011; Nilsson et al., 2013; Sun et al., 2014; Moors et al., 2016; Chang et al., 2017; Aman et al., 2021; Pircs et al., 2022). Autophagy dysfunction has proven to be a common feature in these age-related neurodegenerative diseases which implicates its definite role in disease development and progression. In preclinical models, restoration of autophagy showed beneficial effects on disease pathology proposing autophagy dysfunction as a key pathogenic focus, which can serve as potential targets for future therapies (Karabiyik et al., 2021). To demonstrate how patients can benefit from autophagy enhancing therapies, we reviewed all ongoing and completed clinical trials using autophagy modulators for the past five years published since 2018. Several drugs have already shown autophagy modulating properties and demonstrated effectiveness in patients with AD, PD and HD (e.g., Donepezil, Memantine, Pramipexole, Pimavanserine). Almost 20% of the drugs tested for the past five years in AD have autophagy modifying effects, while in PD and HD this percentage is even higher, close to 30% and over 35%, respectively. Drug repurposing represents a surprisingly high number of trials published since 2018. Interestingly, many of these “repurposed” drugs with beneficial effects in neurodegeneration induce autophagy (e.g., antidiabetic drugs Metformin and Exenatide or mucolytic drug Ambroxol shown to be effective in PD). A better understanding of the effect of autophagy induction on these repurposed drugs could be more cost and time- effective and potentially help patients affected by age-related disorders. The reviewed preclinical and clinical trials provide strong evidence of the beneficiary role of autophagy in health and disease. However, a remarkable number of clinical studies using autophagy inducing treatments such as Resveratrol (Berman et al., 2017) or Lithium (Hampel et al., 2009; Forlenza et al., 2011; Devanand et al., 2022), fail to fulfill to provide clinically relevant findings. The high number of failed clinical studies highlight the importance of strengthening our understanding of neuronal autophagy by first choosing more appropriate preclinical models and methods to predict drug efficiency in humans. Currently, most of the drug development and preclinical testing are done in animal models, while many age-related diseases are only affecting humans (Dawson et al., 2018). Although these models are inevitably important, their usage in modeling human brain and neuronal aging as well as human-specific neurodegenerative diseases is limited. A better understanding of neuronal autophagy decline in humans during physiological and pathophysiological conditions could be the key for successful clinical interventions.

We reviewed all currently existing human-derived in vitro 2D and 3D neuronal models that are able to capture some aspects of human neuronal aging, thus providing a possibility to study autophagy in human aging and age-related diseases in detail (Figure 1). Cellular reprogramming techniques for human neuronal cell generation in vitro have allowed the possibility to study evolutionarily conserved cellular processes. There are, however, only a few publications that focus on the alteration of autophagy during aging and age-related diseases in human cellular reprogrammed neuronal models. Stem cell reprogramming models (ESC and iPSC, Figures 1A, B) are useful tools to study mutation-driven autophagy alterations in neurodegenerative diseases, but their juvenile phenotype limits their use in aging-related research. Direct cellular reprogramming (Figure 1C) allows the generation of neurons through transdifferentiation to preserve the genetic profile also in addition to several aspects of the epigenetic age of the donor (Drouin-Ouellet et al., 2017; Mertens et al., 2018). Patient-derived iNs demonstrate disease-specific features including morphological aberrations and autophagy dysfunction in age-related diseases such as HD or idiopathic PD (Oh et al., 2019; Drouin-Ouellet et al., 2022; Pircs et al., 2022). iNs are suitable for testing autophagy targeting therapeutic approaches in a human-relevant model by performing functional experiments and drug screening (Pircs et al., 2022). iNs provide the first possibility to generate patient-specific and epigenetically aged human neurons. This model paves the way to study human neuronal aging in detail and provides great opportunities to better understand how human neuronal aging occurs. These novel findings will serve as a basis for understanding neuronal rejuvenation and aging. This will allow the development of future therapies that may halt or prevent age-related neurodegenerative diseases.
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Background: Obstructive Sleep Apnea (OSA) characteristically leads to nocturnal hypoxia and sleep disturbance. Despite clear evidence of OSA-induced cognitive impairments, the literature offers no consensus on the relationship between these pathophysiological processes and brain structure alterations in patients.

Objective: This study leverages the robust technique of structural equation modeling to investigate how hypoxia and sleep disturbance exert differential effects on gray matter structures.

Methods: Seventy-four Male participants were recruited to undergo overnight polysomnography and T1-weighted Magnetic Resonance Imaging. Four structural outcome parameters were extracted, namely, gray matter volume, cortical thickness, sulcal depth, and fractal dimension. Structural equation models were constructed with two latent variables (hypoxia, and sleep disturbance) and three covariates (age, body mass index, and education) to examine the association between gray matter structural changes in OSA and the two latent variables, hypoxia and sleep disturbance.

Results: The structural equation models revealed hypoxia-associated changes in diverse regions, most significantly in increased gray matter volume, cortical thickness and sulcal depth. In contrast, sleep disturbance. Was shown to be largely associated with reduce gray matter volume and sulcal depth.

Conclusion: This study provides new evidence showing significant effects of OSA-induced hypoxia and sleep disturbance on gray matter volume and morphology in male patients with obstructive sleep apnea. It also demonstrates the utility of robust structural equation models in examining obstructive sleep apnea pathophysiology.

KEYWORDS
 obstructive sleep apnea, hypoxia, sleep disturbance, gray matter, structural equation models


1. Introduction

Obstructive sleep apnea (OSA) is a highly prevalent multisystem chronic disease, which predisposes patients to diseases including hypertension, diabetes mellitus, stroke, emotional disorders and cognitive impairments such as memory and attention deficits (Chen et al., 2011; Rosenzweig et al., 2015; Benjafield et al., 2019; Bubu et al., 2020; Gottlieb and Punjabi, 2020). The main characteristic of OSA is the repetitive airway collapse, partially reducing or completely blocking the pharyngeal airflow despite respiratory efforts leading to chronic intermittent hypoxia (Dewan et al., 2015). Frequent blocking also may lead to sleep disturbance, manifested by a decrease in the deeper stages of sleep.

Neuroimaging studies have shown that OSA may be associated with gray matter structural alterations. A meta-analysis revealed a clear decrease in gray matter volume (GMV) in middle aged untreated patients with OSA (Shi et al., 2017). However, recently, using more advanced neuroimaging measures, Baril et al. (2017) found a consistent positive relationship between markers of OSA severity (hypoxemia, respiratory disturbances, and sleep structure alteration) and gray matter hypertrophy and thickening, while another large sample study observed lower mean oxygen saturation during sleep was associated with atrophy of both cortical and subcortical brain areas (Marchi et al., 2020). Furthermore, Cross et al. (2018) and his colleagues reported more complex results, that is, hypoxia metrices were shown to be associated with decreased cortical thickness, while sleep disturbance with increased thickness. Although researchers have posited the presence of two counteracting mechanisms (One may indicate cellular damage, while the other may reflect transitory responses) to account for these seemingly contradictory results (Baril et al., 2021), no consensus on the exact pattern of OSA-induced gray matter changes can be drawn from the current literature (Baril et al., 2017; Cross et al., 2018; André et al., 2020; Marchi et al., 2020).

To characterize OSA severity, previous studies often used individual polysomnographic parameters (e.g., apnea-hypopnea index (AHI), mean oxygen saturation) to examine OSA-related gray matter changes. However, such single-parameter analyses are prone to producing spurious results due to the measurement error. Structural equation modeling (SEM) could be used to model the complex relationship between multiple inter-dependent variables in a multi-level variable structure. It permits the exploration of complex relationships among a number of potentially inter-dependent variables (Bentler and Stein, 1992). In the context of this study, using the SEM model accounts for and even takes advantage of the collinearity between variables by extracting the covariance between related variables as physiologically meaningful latent variables. Moreover, it allows for a more principled analysis of the OSA pathophysiological processes, as well as their potentially differential effects on the OSA brain.

Despite the popularity of GMV, it is a coarse measure that captures both a region’s surface area and cortical thickness, which might convey distinct pathophysiological implications (Fornito et al., 2008; Winkler et al., 2010). Therefore, the current study also included the use of Surface-Based Morphometry (SBM) to provide measures of cortical thickness and surface complexity. To quantify cortical complexity, fractal dimension (FD) utilizes the concepts of fractals to characterize the nested and hierarchical structures of the brain (Madan and Kensinger, 2016) Sulcal depth (SD), defined as the Euclidean distance between the central surface and an imaginary convex hull encompassing the surface mesh, has been shown to change significantly in various patient groups such as Parkinson’s disease (Wang et al., 2021). To our knowledge, there have not been studies investigating the cortical complexity in the OSA population.

In this study, we constructed an SEM model consisting of two latent variables—hypoxia and sleep disturbance, to examine the effects of these two physiological factors on gray matter structure. Based on previous studies, we hypothesize that there may be a mixture of effects for both hypoxia and sleep disturbance in affecting different regions of the OSA brain.



2. Participants and methods


2.1. Participants

This prospective study recruited 74 patients who presented with a primary complaint of snoring and were formally diagnosed with OSA at the sleep center of the Second Affiliated Hospital of Soochow University from August 2020 to September 2021. The OSA diagnosis was confirmed by polysomnography (PSG) with an AHI ≥ 5 (Kapur et al., 2017). Participants were between 25 to 60 years old (median age = 39 years, SD = 9.6 years) In terms of participant genders, as previous large-sample studies found that the clinical phenotype of female patients with OSA differs from that of male patients (Basoglu and Tasbakan, 2018; Bonsignore et al., 2019). Moreover, another study found more severe OSA-related white matter tract damages in female patients than their male counterparts with similar OSA severity (Macey et al., 2012). Therefore, given that OSA is a significantly male-dominant disorder (Young et al., 1993; Franklin and Lindberg, 2015; Theorell-Haglöw et al., 2018) and that the anticipated extent of gray matter structural change is small, the present study chose to include only male patients to reduce sample heterogeneity. Participants with a history of neurological, respiratory, or other medical conditions that might affect sleep were excluded. The participants gave informed consent, and the study protocol was approved by the Research Ethics Committee of the Second Affiliated Hospital of Soochow University, Suzhou, China (JD-LK-2018-004-02).



2.2. PSG

The participants underwent overnight, supervised, laboratory-based video polysomnography (PSG) using the Compumedics Grael multifunctional PSG monitoring system. Sleep staging and sleep-related respiratory analyses were scored manually by registered technician according to the AASM scoring criteria (Kapur et al., 2017). Apnea was defined as any airflow reduction greater than 90% that lasted longer than 10 s. Hypopnea was defined as >3% desaturation from pre-event baseline or arousal. The AHI was defined as the sum of the number of apnea and hypopnea per hour of sleep. Other measures included total sleep time (TST), sleep efficiency (SE), oxygen desaturation index (ODI), proportion of sleep time with SaO₂ < 90% (T90), minimum pulse oxygen saturation (MinSaO2), arousal index, and proportions of each sleep stage.



2.3. MRI

Magnetic Resonance structural images were collected using a T1-weighted magnetization-prepared rapid-acquisition gradient echo (MPRAGE) sequence on a 3 T Siemens Prisma MRI scanner. The voxel size was 1.0 × 1.0 × 1.0 mm3. The acquired structural MR images were bias-corrected, segmented, normalized, and 8 mm-smoothed using the Statistical Parametric Mapping (SPM12) toolbox1 and the Computational Anatomy Toolbox (CAT12, neuro-jena.github.io/cat/; Theorell-Haglöw et al., 2018) in MatLab (MathWorks, 2020). The regional average gray matter volumes of a total of 142 ROIs were extracted for each subject using the neuromorphometrics atlas.

A separate CAT12 surface-based pipeline was used to produce a normalized surface mesh for each participant. Using the surface mesh, cortical thickness (Dahnke et al., 2013), sulcal depth, and fractal dimension were estimated (see Figure 1 for an illustration). The images of cortical thickness were smoothed using an isotropic Gaussian kernel of 15 mm and images of the complexity measures were smoothed using a kernel of 20 mm for the filter size to encompass both the sulcal fundus and gyral crown. Finally, mean values for cortical thickness, sulcal depth, and fractal dimension across the 72 surface ROIs were extracted using the Desikan-Killiany DK40 atlas (Desikan et al., 2006).

[image: Figure 1]

FIGURE 1
 Schematic showing how surface-based parameters are measured. (A) Illustrates how sulcal depth at various points is measured from the central surface to the cortical hull. The cortical thickness is measured from gray matter outer surface to the inner surface; (B,C) compares two schematic surfaces with high and low fractal dimensions.




2.4. SEM

Two latent variables (hypoxia and sleep disturbance) were included in the SEM model (see Figure 2). Hypoxia combined three indicator (observed) variables: minSaO₂, T90%, and ODI. The latter, sleep disturbance, was constructed from two negatively correlated indicator variables: proportion of sleep time in the NREM1&2 sleep and NREM3 sleep. It was decided that AHI should not be included as indicator variables as it is a measure of the apnea frequency, which is thus not directly measuring hypoxia or sleep disturbance. AHI also correlates strongly with indicator variables for both hypoxia and sleep disturbance, and thus its inclusion in the SEM model would lead to statistical difficulties in the model computations. The four ROI-based V/SBM measures were then entered individually into the SEM model as the outcome measure. Including the three covariates, age, body mass index (BMI), and education, the main regression equation for the SEM model was formulated as follows:

[image: image]

where the Outcome Measure can be any of the 142 + 72 * 3 = 358 ROI-based parameter means. To account for the potential false discovery effect, p values were corrected using the Benjamini-Hochberg procedure. All statistical analyses apart from the MR image processing were carried out using the R statistical package (version 4.1.1).2

[image: Figure 2]

FIGURE 2
 An example SEM model investigating the predictors for gray matter volume in the right precuneus. Green indicates a positive estimate, whereas yellow indicates a negative estimate. BMI, body mass index; T90%, Proportion Time with SaO₂ < 90%, MinSaO₂, Minimum pulse oxygen saturation; ODI, oxygen desaturation index; N1&2P, NREM 1 + 2 Sleep Proportion; N3P, NREM3 Sleep Proportion. **p < 0.01, ***p < 0.001.





3. Results


3.1. Demographic, clinical, and sleep characteristics

Table 1 shows the clinical characteristics and PSG parameters of this study cohort. Patients with OSA exhibit hypoxia and sleep structural abnormalities as shown by PSG parameters. Data are represented by means and inter-quartile range (IQR).



TABLE 1 Descriptive characteristics of the study cohort (sample size = 74).
[image: Table1]



3.2. SEM modeling

With regards to the hypoxia-related variables, the factor loading for T90% was set to 1 so that the implicit direction of the latent variable hypoxia aligns with T90% to aid interpretation, i.e., higher implicit values for hypoxia indicate more severe hypoxia. As expected, the factor loading for ODI is positive, as higher values of ODI indicate more severe hypoxia, whereas the factor loading for MinSaO₂ was negative. Similarly, the factor loading of NREM1&2 proportion was set to 1, whereas its negative correlate, NREM 3 proportion, was estimated to have a negative factor loading of −1.26.

A total of 357 other SEM models were fitted for each structural measure in each region defined by the neuroanatomical atlases, with multiple testing corrected for using False Discovery Rate (FDR). The principal results of the SEM models are shown in Figure 3 and Supplementary Table 1, where the estimates for two latent variables regressing on the outcome measure in the main regression equation are shown alongside the FDRs. As an example, the estimates correspond to the two arrows pointing from Hypoxia and sleep disturbance to the gray matter volume of the right precuneus in Figure 2. The estimates for age were significant with FDR < 0.05 in 59 out of 358(16.5%) of the SEM models and accounting for 57 out of 209 (27.3%) ROIs in the two atlases. The estimates for age were negative for 56 out of 57 SEM models. The estimates for the other regression terms, as well as covariance relations, were similar in magnitude and same in direction as the values shown in Figure 2.

[image: Figure 3]

FIGURE 3
 A summary of the findings of the SEM models. The values shown are the beta estimates for the latent variables, hypoxia and sleep disturbance (values with 0.01 < p < 0.05 are displayed in gray). Green indicates a positive estimate, whereas yellow indicates a negative estimate. (A) Shows the results for the three surface-based measures; (B) shows the results for gray matter volume. The asterisks indicate false-discovery rates: * p < 0.05 ** p < 0.01.


Overall, the results demonstrated widespread gray matter volume and sulcal depth differences in multiple brain regions of the frontal, parietal, and temporal lobe with hypoxia exerting statistically significant effects in more regions than sleep disturbance. Moreover, the effect of hypoxia on most regions was positive where patients experiencing worse hypoxia paradoxically exhibited higher cortical thickness, complexity, and gray matter volume. However, in most cases, the positive effects hypoxia exerted on the regions were balanced, if not inverted by the effects of sleep disturbance, as shown by the larger regression estimates for sleep disturbance in most regions with both latent variables showing significant effects.




4. Discussion

OSA has been known to be associated with changes in the central nervous system, leading to various cognitive impairments. For the first time, structural equation modeling (SEM) was used to analyze the effects of OSA-related hypoxia and sleep structure disruption on gray matter volume, cortical thickness, sulcal depth, and fractal dimension. The main findings of the study can be summarized as: (1) OSA exerted widespread effects on gray matter structures, and the effects were most prominent for sulcal depth and gray matter volume; (2) Overall, hypoxia tends to be associated with gray matter hypertrophy, while sleep disturbance bring about more gray matter atrophy.

In the present study, age, BMI and education were included as covariates. It is widely accepted that the brain shrinks in volume even in healthy aging, most prominently in the frontal and temporal cortex, putamen, and thalamus (Fjell and Walhovd, 2010). BMI has also been reported to modulate brain structural changes both in healthy people (Ho et al., 2011; Bolzenius et al., 2015) and OSA patients (Huang et al., 2019), and given the prevalence of obesity among OSA patients, BMI was entered as a covariate. Although the evidence on education is less well-established, some studies did report higher temporal lobe gray matter volume and reduced age-related changes associated with higher levels of education (Coffey et al., 1999; Ho et al., 2011).

One notable aspect of the results overall is that the impact of hypoxia and sleep disturbance affects the gray matter structures in no consistent manner, with a mixture of hypertrophy and atrophy in different cerebral regions. However, this is reflective of the literature on this subject, where conflicting changes were observed in individual studies showing both gray matter atrophy and hypertrophy (Baril et al., 2021), as well as between studies (Shi et al., 2017). Remarkably, some previous studies have even reported a complete absence of OSA-driven structural changes. For example, a cohort study of 312 participants showed that moderate-to-severe OSA at baseline was not associated with regional brain volume changes 15 years later (Lutsey et al., 2016), although the authors did note a possible self-selection bias where healthy participants were more likely to be present at follow-up. A meta-analysis by Shi has also highlighted the diverse range of regions where OSA-related changes were reported, including all cortical lobes and subcortical structures, though less so in the occipital cortex (Shi et al., 2017). This is in general alignment with the findings of the current study, though the last observation was not reproduced as both hypoxia and sleep disturbance were found to be significantly associated with multiple occipital structures. Checking against the several methodological pitfalls suggested by the authors of the meta-analysis to explain the apparent discordant findings, this study has kept to a high standard of robustness: (1) they suggested that some studies failed to account for important covariates such as obesity, whereas this study has included three covariates: age, BMI, and education; (2) some studies have not corrected for multiple comparisons, whereas this study used false discovery rates when reporting the SEM results.

To potentially account for this apparent lack of clear patterns of OSA-induced cortical structural alterations, a proposal was put forth by Rosenzweig et al. (2015). The authors proposed that OSA and its associated hypoxia exert its impact on the brain through a combination of adaptive and maladaptive processes, thus resulting in a mixture of gray matter hypertrophy and atrophy, and a mixture of increases and decreases in cortical thickness and complexity in different regions. The relative contribution of these processes is dependent on the dynamic interplay of various factors. Building on this, Baril et al. (2021) further hypothesized that the OSA-related brain structural changes occur in two phases. In the first phase of early and mild OSA, there are inflammatory processes lead to intracellular edema, as well as adaptive compensatory processes that leads to cortical hypertrophy, both contributing to the thickening of the gray matter regions. In the second phase, however, cortical atrophy dominates in the later and more severe patients with OSA. This hypothesis was supported primarily by an earlier study by the same group in a study of older patients with OSA (Baril et al., 2017). In that study, instead of a mixture of gray matter hypertrophy and atrophy found in other studies of younger patient cohorts, the results showed gray matter hypertrophy exclusively, in a diverse range of regions. This led to the authors’ suggestion that hypertrophy is more likely seen in studies with older participants, who tended to have just recently developed OSA and were milder in disease severity, where the earlier reactive / adaptive hypertrophic processes dominate. The current study, however, observed a widespread hypoxia-related increase in gray matter volume even in a cohort of young and middle-aged patients. As such, these results do not seem to align with the hypothesis by Cross et al. (2018) and Baril et al. (2021). Nevertheless, the dynamic interplay between adaptive and maladaptive processes, coupled with the within-study heterogeneity and cross-study differences in the patient demographic and OSA phenotypes, may offer a plausible explanation for such divergent findings between studies.

Methodologically, the SEM approach adopted by the study reduced the random measurement error by extracting the covariance of indicator variables into a combined latent variable. Arguably, this offers a more principled way to combine the various PSG-derived parameters, in contrast to the data-driven approach provided by Principal Component Analysis (PCA). The latter has been adopted by a few studies such as one by Cross et al. (2018), where the first two principal components had to be empirically labeled as “oxygen desaturation” (mainly driven by AHI, ODI, T90%, and MinSaO₂) and “sleep disturbance” (mainly driven by sleep efficiency, awakening index, and arousal index). Their results revealed a significant negative association between “oxygen desaturation” and the cortical thickness of bilateral temporal lobes, but a positive association between “sleep disturbance” and thickness in the right postcentral gyrus, pericalcarine, and pars opercularis. A similar PCA-based study by Baril et al. (2017) found a very consistent positive association between each of the three principal components (labeled as “hypoxia,” “respiratory disturbances,” and “sleep fragmentation”) and cortical thickness of various brain regions in the frontal, parietal, and cingulate cortex. Nevertheless, it should also be noted that no results were directly contradicting, i.e., opposite results in the same brain region, between this study and the two existing studies by Baril et al. (2017) and Cross et al. (2018).

Furthermore, this study was unique in that it examined gray matter cortical complexity in terms of the sulcal depth (SD) and fractal dimension (FD), which has previously rarely been studied. Unlike gray matter volume and cortical thickness, SD and FD can provide nuanced information about the shape of cortical surface. Our study found similarly mixed effects of OSA on cortical complexity, especially as measured by sulcus depth, where hypoxia was associated with increased SD in bilateral anterior cingulate cortices, bilateral rostral anterior cingulate cortices, and right parahippocampal, fusiform and entorhinal cortices and decreased SD in parts of the prefrontal and pre- and paracentral gyri. Sleep disturbance tends to be associated with the opposite effect to that of hypoxia, although in fewer regions. Along with previous studies of sulcal depth and morphological changes in aging and dementia (Kochunov et al., 2005; Im et al., 2008; Yun et al., 2013), schizophrenia (Turetsky et al., 2009) and Williams syndrome (Kippenhan et al., 2005), the results in this study suggests the utility of tapping into nuanced measures of cortical complexity to capture changes potentially overlooked by cortical thickness and gray matter volume in the OSA brain.

There are several limitations to the current study. Firstly, as the participants were drawn from a larger cohort of patients received at a hospital, this study was not able to include healthy control subjects for comparison. However, using various PSG parameters as continuous variables, the study still yielded significant findings on how disease severity moderates OSA’s effects on brain structure. As is common for studies of OSA, the duration of disease for patients was unknown, which would be an important covariate influencing the extent of OSA-associated changes, especially in teasing apart patients in the early hypertrophic phase and those in the late atrophic phase.

To conclude, the present study is the first to apply structural equation modeling to the analysis of OSA-associated brain structural changes. The results showed a significant association between hypoxia and increases in gray matter volume, cortical thickness, and cortical complexity in a diverse range of brain regions, as well as an association between altered sleep structure and decreases in the same structural measures, albeit in fewer regions. These results have highlighted the utility of the more fine-grained and advanced surface-based morphometry analysis to reveal the subtle structural differences possibly overlooked by the voxel-based measures commonly adopted by the literature. This study also served as a demonstration of a novel approach to combine the wide array of polysomnographic parameters in a unified SEM analysis of OSA-related brain structural changes.
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Objective: Neuronata-R® (lenzumestrocel) is an autologous bone marrow-derived mesenchymal stem cell (BM-MSC) product, which was conditionally approved by the Korean Ministry of Food and Drug Safety (KMFDS, Republic of Korea) in 2013 for the treatment of amyotrophic lateral sclerosis (ALS). In the present study, we aimed to investigate the long-term survival benefits of treatment with intrathecal lenzumestrocel.

Methods: A total of 157 participants who received lenzumestrocel and whose symptom duration was less than 2 years were included in the analysis (BM-MSC group). The survival data of placebo participants from the Pooled-Resource Open-Access ALS Clinical Trials (PROACT) database were used as the external control, and propensity score matching (PSM) was used to reduce confounding biases in baseline characteristics. Adverse events were recorded during the entire follow-up period after the first treatment.

Results: Survival probability was significantly higher in the BM-MSC group compared to the external control group from the PROACT database (log-rank, p < 0.001). Multivariate Cox proportional hazard analysis showed a significantly lower hazard ratio for death in the BM-MSC group and indicated that multiple injections were more effective. Additionally, there were no serious adverse drug reactions found during the safety assessment, lasting a year after the first administration.

Conclusion: The results of the present study showed that lenzumestrocel treatment had a long-term survival benefit in real-world ALS patients.

KEYWORDS
 lenzumestrocel, amyotrophic lateral sclerosis, stem cell therapy, survival analysis, mesenchymal stem cell


Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease affecting both the upper and lower motor neuron systems, which eventually results in generalized weakness and, ultimately, death due to respiratory failure (Brown and Al-Chalabi, 2017; Hardiman et al., 2017).

Despite recent advances in determining the genetic and molecular mechanisms of motor neuron cell death in ALS, precise mechanisms of the selective degeneration of motor neurons and heterogeneous clinical phenotypes are not clearly understood (Taylor et al., 2016; Mejzini et al., 2019; Kim et al., 2020; Saez-Atienzar et al., 2021). Additionally, no curative therapeutic agents are currently available for the treatment of ALS. The only two Food and Drug Administration (FDA)-approved drugs are riluzole and edaravone (Miller et al., 2002; Rothstein, 2017). However, they have modest therapeutic effects (Jaiswal, 2019; Saitoh and Takahashi, 2020; Witzel et al., 2022).

Stem cell therapy has shown various potential therapeutic effects in a range of diseases along with safety in recent clinical trials (Hoang et al., 2022). In particular, the immunomodulatory abilities of mesenchymal stem cells are being investigated in many clinical trials as a treatment option for neurodegenerative diseases (Chen et al., 2018). The safety of MSC therapy has been confirmed in many studies, and some studies have shown positive results (Mazzini et al., 2010; Petrou et al., 2016; Syková et al., 2017; Aljabri et al., 2021; Tavakol-Afshari et al., 2021). There are also active clinical trials investigating the use of mesenchymal stem cell therapy for ALS.

Neuronata-R® (lenzumestrocel) is an autologous bone marrow-derived mesenchymal stem cell (BM-MSC) product, which has been conditionally approved by the Korean Ministry of Food and Drug Safety (KMFDS, December 31, 2013) as an orphan drug for concomitant therapy with riluzole for use in the treatment of patients with ALS. Phase I and II clinical trials (NCT01363401) showed clinically significant improvements in the decline of Revised ALS Functional Rating Scale (ALSFRS-R) scores up to 6 months after the administration of lenzumestrocel (Oh et al., 2015, 2018). Despite the clinical effectiveness of lenzumestrocel administration, which was determined by the decline of ALSFRS-R scores lasting at least 6 months, the lack of a long-term survival benefit in the post-hoc analysis may be associated with the limited number of injections (two doses in a single-cycle) and the gradual loss of MSC itself. Additionally, the number of participants in the phase II trial was relatively small when analyzing the survival data.

After conditional approval from the KMFDS to administer BM-MSC for the treatment of ALS, 257 participants with ALS underwent single-cycle lenzumestrocel treatment (two repeated MSC injections with 1-month interval). Among them, 34 participants with ALS received one or more booster injections at various intervals following the single-cycle treatment to achieve long-lasting benefits.

The present study aimed to provide a long-term survival analysis for lenzumestrocel treatment participants. Propensity-score-matched external control group from Pooled-Resource Open-Access ALS Clinical Trials (PROACT) were compared with those of the BM-MSC treatment group (Atassi et al., 2014).



Materials and methods


Lenzumestrocel surveillance study

Lenzumestrocel was developed based on the MSC properties to have the capacity to release neurotrophic factors and to show immune-inflammatory modulation in ALS, as described in previous reports (Oh et al., 2018; Nam et al., 2022). Based on the efficacy and safety data in phase I and II clinical trials (NCT01363401), lenzumestrocel was designated as an orphan drug for concomitant therapy with riluzole in patients with ALS under the Revised Rule of Orphan Drug Designation by the KMFDS (December 31, 2013; KMFDS Announcement No. 2013–262). In addition, a new drug application (NDA) for lenzumestrocel as an orphan drug was granted by the KMFDS (July 30, 2014). After NDA approval, according to the risk management plan of lenzumestrocel recommended by the KMFDS, post-marketing surveillance (PMS) was conducted as a complete enumeration survey from March 2, 2015 to January 31, 2022. This study was approved by the Hanyang University Seoul Hospital Institutional Review Board (IRB) (IRB file#: PMS2015-001).



BM-MSC treatment cohort for propensity-score matching

All participants of the BM-MSC treatment group were diagnosed with clinically definite or probable or clinically probable with lab-supported ALS according to the revised El Escorial criteria (Brooks et al., 2000). Clinical data (age, sex, site of onset, etc.) were collected from 257 participants treated with lenzumestrocel. To reduce the heterogeneity of the study population, participants whose symptom duration exceeded 2 years before the BM-MSC injection and who had no serial ALSFRS-R scores for the follow-up period after the first treatment were excluded from the analysis. Finally, 170 participants were included in the propensity-score matching analysis (Figure 1A). Written informed consent was obtained from all participants prior to the first administration.
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FIGURE 1
 The propensity-score-matched participant selection for survival and safety analysis and data pre-processing steps. (A) BM-MSC treatment cohort. A total of 257 participants were administered lenzumestrocel. Safety evaluation was conducted during a one-year follow-up period after the first treatment. Survival analysis was performed on propensity score matched 157 participants. (B) external control group from the PROACT database. Only 2,912 placebo participants were extracted out of 9,640 participants in the treatment group data (treatement.csv). Participants who enrolled in the trial within 2 years from their diagnosis and who had a baseline ALSFRS-R score were assigned as the control group. The clinical information of each participant was extracted from each data source. A total of 157 placebo participants were used for survival analysis.




External control cohort from PROACT database for propensity-score matching

PROACT database contains de-identified records of participants from 23 clinical trials. To compare the survival probability of the BM-MSC treatment group with the placebo-allocated participants’ group, data (n = 2,912) were extracted from the PROACT database and used as an external control group. First, participants of the external control group whose symptom duration was less than 2 years were selected to match the BM-MSC treatment group. Then, the individuals’ death status and time were achieved from the deathdata.csv dataset. If the participant was alive until the end of the trial, the last follow-up time was determined based on the last measured time of the ALSFRS-R score from the alsfrs.csv dataset and was regarded as censored. Demographics and clinical information, such as age, sex, site of onset, and riluzole use, were obtained from other PROACT datasets. Finally, 1,224 participants were included in the propensity-score matching analysis (Figure 1B).



Selection of BM-MSC treatment group and external control group for survival analysis using propensity score matching

Propensity score matching (PSM) is widely used in observational studies to reduce confounding biases in treated and untreated participants (Austin, 2011; Austin et al., 2021). BM-MSC-treated participants were matched to PROACT placebo participants in a ratio of 1:1 (Austin, 2010). PSM was performed using the nearest neighbor (NN) method on the propensity score, which was calculated by logistic regression, including covariates with age, sex, site of onset, baseline ALSFRS-R score, riluzole used, and disease duration. After matching, 314 participants (157 participants in each group) were included in the survival analysis.



Estimation of initial progression speed

Due to the lack of long-term follow-up data prior to baseline for ALSFRS-R scores in both groups and inaccurate time from the onset for some subjects, accurate disease progression cannot be calculated. Therefore, the initial progression speed was calculated using the following process.

(i) Baseline ALSFRS-R is available for all subjects. (ii) Data on time from diagnosis to baseline are available for all subjects. (iii) According to the results of the PROACT study, the average time from onset to diagnosis is 12 months (Atassi et al., 2014).
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Safety assessment

Safety was evaluated based on the incidence of adverse events (AEs), adverse drug reactions (ADRs), and serious adverse events (SAEs), which were collected during the entire follow-up period from 2015 to 2022 after the first lenzumestrocel treatment. Safety analysis was conducted on the AEs that occurred one year after administration in 257 subjects who had received at least one lenzumestrocel injection. All AEs and SAEs reported within a year of the lenzumestrocel injection were considered ADR unless a causal relationship with lenzumestrocel was determined as an ‘unlikely possibility’. In addition, newly advanced neurological symptoms related to the natural progression of ALS were not regarded as AE. All AEs were coded using the Medical Dictionary for Regulatory Activities (MedDRA) version 25 and summarized according to system organ class (SOC) and preferred terms (PT; Brown et al., 1999).



Statistical method

Differences in baseline clinical variables between the two independent groups were analyzed using a T-test (continuous) or Chi-square test (categorical) for appropriate data types. Statistical significance was set at 0.05. Survival analysis (time to death) was conducted using Kaplan–Meier curves and log-rank test using the survminer (version 0.4.9) and survival (version 3.1–8) R packages.

The BM-MSC treatment group includes participants treated with a single-cycle (repeated two injections of lenzumestrocel, n = 134) and a single-cycle with additional booster injections (n = 21, minimum three times to maximum ten times). To compare the clinical benefits of multiple treatments with lenzumestrocel, we separated the BM-MSC treatment group into a single-cycle injection group and a multiple-injection group. Two participants who were administered only once (one of two repeated injections in a single cycle) were excluded from the analysis.

The Cox proportional hazards model was used to estimate the associations between prognostic clinical variables and survival time. In the Cox model, the BM-MSC treatment group was divided into a single-cycle injection group and a multiple-injection group. We included six factors (sex, site of onset, riluzole used, baseline ALSFRS-R score, age, and treatment group) in the model to adjust for the bias of confounding factors introduced by subgrouping. Two continuous variables, age and baseline ALSFRS-R score, were dichotomized at the age of 54 years and the baseline ALSFRS-R score of 31 points. Propensity score calculations and matching were conducted using MatchIt (version 4.4.0) R package. All statistical analyses were performed using R software (version 3.6.3).




Results


Comparison of baseline characteristics in propensity-score-matched groups

Baseline clinical characteristics between the propensity-score-matched (PSM) BM-MSC treatment group and the external control group are summarized in Table 1. There were no statistically significant differences in baseline covariates between the matched groups. The standardized mean differences in all covariates were less than 0.1, which also indicated that the propensity score-based matching groups were well-balanced (Supplementary Figure 1).



TABLE 1 Baseline characteristics of the propensity score matched the BM-MSC treatment group and the external control group.
[image: Table1]



Long-term survival analysis

In both the matched groups, we confirmed 40 deaths in the BM-MSC treatment group and 56 deaths in the external control group. The Kaplan–Meier plot of survival data shows a separation of the survival curves with significance (Figure 2). The survival probability was significantly higher in the BM-MSC treatment group compared to that in the external control group (log-rank, p < 0.001). The estimated median survival time of the external control group was 730 days (24 months; CI:17.95–30.97), whereas the BM-MSC treatment group’s time was not estimated as the number of death did not exceed half of the group. We also confirmed that the restricted mean survival time of the external control group was 629 days (20.68 months; SE:1.03), and the BM-MSC treatment group was 1,201 days (39.48 months; SE:1.44).

[image: Figure 2]

FIGURE 2
 Kaplan–Meier survival curves of the BM-MSC treatment group (overall) and the external control group. The log-rank test was used to compare the survival probability between the BM-MSC treatment (blue) and the external control (yellow) groups.


The survival probabilities of both the single-cycle injection group (p < 0.001) and the multiple-injection group (p < 0.001) were significantly different from those of the external control group (Figure 3). It was also noted that the multiple-injection group showed a higher survival probability than the single-cycle injection group, but the difference was not statistically significant (pairwise log-rank test p = 0.18).
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FIGURE 3
 Kaplan–Meier survival curves of the BM-MSC treatment group (single-cycle injection and multiple injections) and the external control group. The BM-MSC group was divided into single-cycle injection (blue) and multiple-injection (red) groups and compared with the external control group (yellow).


Generally, the time to events (use of tracheostomy or ventilator) is more likely to occur earlier than the time to death. The PROACT database only contains information on time to death and does not provide information on time to events. Therefore, we compared the BM-MSC group’s time-to-events information with PROACT’s time-to-death information. As a result, we confirmed that the survival probability of the BM-MSC group was higher, which was consistent with the analysis of time-to-death (Supplementary Figure 2).



Survival analysis with initial progression speed

One of the important prognostic factors for predicting survival in ALS is the progression speed of the disease (Kimura et al., 2006; Kjældgaard et al., 2021). The disease progression speed can differ between the subjects in the two groups, which can lead to differences in survival probability. Therefore, we compared the initial progression speed between the two groups to determine whether this factor contributes to the observed difference in survival probability (see methods). The calculated initial progression speed was 0.78 ± 0.52/month for the external control group and 0.64 ± 0.32/month for the BM-MSC treatment group, indicating a difference of 0.14/month with the BM-MSC treatment group being lower (value of p = 0.005). The initial progression speed showed a significant difference between the BM-MSC treatment group and the external control group, which could have had an impact on the difference in survival probability. However, we added initial progression speed as a covariate to the existing PSM method and conducted survival analysis in the same manner. The results were consistent with the previous findings (Supplementary Figure 3).

Next, we compared the survival rates between the external control and BM-MSC group using only subjects with intermediate initial progression speed (between the first quartile (1Q) and the third quartile(3Q)) by limiting the range of initial progression speed (Supplementary Figure 4A). Similarly, the survival rate of the BM-MSC group was significantly higher (Supplementary Figure 4B). In conclusion, although there was a difference in initial progression speed in both groups, we confirmed that the survival probability of the BM-MSC treatment group was higher even after controlling for it through PSM or excluding rapid and slow progression.



Hazard ratios for death in multivariate cox proportional hazards regression

We conducted a Cox proportional hazards regression analysis to investigate the association between survival time and several risk factors. A forest plot of the Cox proportional hazards model is shown in Figure 4. The hazard ratios of both the single-cycle injection group (HR = 0.30, 95% CI:0.185–0.48, p < 0.001) and multiple-injection group (HR = 0.19, 95% CI:0.059–0.63, p = 0.006), which were adjusted by sex, site of onset, riluzole used, baseline ALSFRS-R score, and age, were significantly lower than the external control group (i.e., the reductions in risk of death for single-cycle injection and multiple injections were 70 and 81%, respectively). Moreover, the multiple-injection group had a lower hazard ratio than the single-cycle injection group. We found several prognostic factors associated with survival time, including riluzole use (HR = 0.50, 95% CI:0.285–0.87, p = 0.015) and age (HR = 3.41, 95% CI:1.975–5.89, p < 0.001). These results suggest that participants who received lenzumestrocel treatment have a reduced risk of death compared with the propensity-score-matched external control group. Multiple injections may have more effectiveness in patients with ALS.
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FIGURE 4
 Forest plot for multivariate Cox proportional hazards model. Hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated for the risk factors associated with time to death.




Comparison of functional assessments

We compared the change in ALSFRS-R scores from baseline to 12 months between the two groups. There was no significant difference in the change of ALSFRS-R scores between the BM-MSC group and the external control group (Supplementary Figure 5). On the other hand, when comparing the multiple-injection group and the single-cycle injection group, we observed that multiple-injection group had a lower decrease in ALSFRS-R scores (Supplementary Figure 6).



Subgroup analysis of the differences between Korean and non-Korean subjects in the BM-MSC group

We analyzed the differences in survival probability and baseline characteristics between Korean and non-Korean subjects in the BM-MSC group. There was no significant difference in survival curves between the two groups (Supplementary Figure 7). Non-Korean subjects had a higher initial survival probability, but it decreased after crossover. At baseline, non-Korean subjects were younger (not significant) and had a 2.5-point higher ALSFRS-R score than Korean subjects (Supplementary Table 1). The initial progression speed also showed that non-Korean subjects had a slightly slow progression speed, indicating that overall, non-Korean participants had an advantage in survival. Still, the decrease in survival rate after about 1.6 years may be due to various factors, including the genetic, environmental, lifestyle, and influence of the medical system.



Subgroup analysis of the differences between non-Korean subjects in the BM-MSC group and external control

We compared the non-Korean subjects (n = 25) in the BM-MSC group with an external control group. The survival probability of the BM-MSC group tended to be higher, but there was no statistically significant difference (Supplementary Figure 8).



Long-term safety assessment

A total of 1,204 adverse events (AEs) were reported during a one-year follow-up period in 257 participants after the first administration of lenzumestrocel. Table 2 lists the AEs experienced by more than 5% of participants. The most common AEs were back pain (n = 85; 114 events), headache (n = 80; 109 events), pyrexia (n = 65; 91 events), pain (n = 45; 52 events), and pain in the extremities (n = 44; 53 events). The incidence of adverse drug reactions (ADRs) was 17.12% (44/257; 92 events; Table 3). The ADRs included pyrexia (n = 19; 21 events), headache (n = 19; 20 events), back pain (n = 12; 17 events), pain (n = 7; 8 events), and nausea (n = 6; 6 events). Most ADRs were mild and transient. However, moderate back pain, coccydynia, or pain in extremities persisting for more than 2 weeks were noted in 13 participants (5.1%; 19 events). And one case of micturition disorder (moderate and continuous) was reported. The incidence of serious adverse events (SAEs) was 26.85% (69/257; 108 events) and accounted for around 9% of AEs. Table 4 lists the SAEs experienced by more than 1% of participants. SAEs included respiratory failure (n = 7; 7 events), back pain (n = 4; 4 events), pain (n = 4; 4 events), coccydynia (n = 3; 3 events), and musculoskeletal pain (n = 3; 3 events). A total of 36 events were related to hospitalization, and 20 deaths occurred. All respiratory failure events were related to natural disease courses and were not considered treatment-related events. However, back pain and coccydynia may be potentially related to BM-MSC treatment due to plausible stem cell-related arachnoiditis. The AEs that were reported during the entire follow-up period are summarized in Supplementary Table 2.



TABLE 2 Summary of adverse events.
[image: Table2]



TABLE 3 Summary of adverse drug reactions.
[image: Table3]



TABLE 4 Summary of serious adverse events.
[image: Table4]




Discussion

Lenzumestrocel is an autologous BM-MSC isolated and expanded ex vivo under good manufacturing practice (GMP) conditions at CORESTEMCHEMON Inc. (Seoul, Republic of Korea). It was also conditionally approved by the Korean Ministry of Food and Drug Safety (KMFDS) for the treatment of ALS in 2013. A randomized, open-label phase II clinical trial (NCT01363401) demonstrated that single-cycle (repeated two injections with one-month interval) intrathecal administration of BM-MSCs showed a better clinical outcome (the decline of ALSFRS-R score from baseline) in the treatment group than in the control group for up to 6 months with no serious adverse drug reactions (Oh et al., 2018). In post-hoc survival analysis of the phase II clinical trial of lenzumestrocel, the estimated mean survival time was 48 (SE = 6) months in the control group and 55 (SE = 4) months in the MSC group with no significance (p = 0.487). The lack of long-term survival benefit may be associated with a small sample size (n = 64) and a relatively short observation period in the control group due to using other investigational products (Oh et al., 2018). To overcome limitations, we conducted this pilot study using a propensity-score-matched external control group.

In this study, we conducted a survival analysis of the propensity score-matched BM-MSC (n = 157) and external control from PROACT placebo (n = 157) groups to evaluate the long-term survival benefits of BM-MSC treatment in patients with ALS. The survival probability was significantly higher in the BM-MSC group than in the external control group, which is considered to indicate the long-term clinical benefit of BM-MSC treatment. In addition, the Cox proportional hazard model showed a statistically significant lower hazard ratio for both single-cycle injection and multiple injections after adjusting for prognostic covariates (e.g., sex, site of onset, riluzole used, baseline ALSFRS-R score, and age) in comparison to the external control. We also performed the same analysis on all participants before applying the PSM method and confirmed consistent results (Supplementary Figures 9, 10).

It is important to note that there were differences in baseline characteristics between the single-cycle injection and multiple-injection groups (Supplementary Table 3). The multiple-injection group had a significantly higher baseline ALSFRS-R score by approximately 4.1 points (p = 0.005). Additionally, there was a trend toward younger age in the multiple-injection group, but it was not significant. Furthermore, the multiple-injection group had a higher baseline ALSFRS-R score (p = 0.005) and a slower initial progression speed (p < 0.001). Therefore, it is suggested that there may be other factors contributing to the extension of survival besides multiple injections, and further investigation is necessary to identify these factors.

Due to invasive procedures of stem cell therapy, the sham-procedure control group is controversial in the early stage of the clinical trial. However, a comparison with historical control can be helpful in this situation. The age, sex, site of onset, baseline ALSFRS-R score, riluzole use, and disease duration are well-known prognostic factors of ALS. As these prognostic factors did not differ between groups in this study, trial-to-trial variations may be reduced. Therefore, despite a non-randomized study design, the two groups compared in this study seem to be appropriately balanced.

This study has the following limitations. First, the study was not designed as a two-arm randomized trial. The PROACT data is limited to patients with ALS who meet specific inclusion and exclusion criteria, which may limit the generalizability of our findings to other populations. The results provide preliminary evidence that lenzumestrocel has survival benefits. Second, while PROACT provides valuable data on ALS progression and survival, it is limited in the types of outcomes that can be measured. Other important outcomes, such as quality of life and time to events (ventilator or tracheostomy), were not included in the data. Therefore, our findings should be interpreted within the context of the limitations of the PROACT dataset. Third, the Korean healthcare system may have a potential influence. Even though 16% (25/157) of participants were non-Korean, critical treatments in the course of ALS, including riluzole prescription, percutaneous endoscopic gastrostomy (PEG) tube insertion, non-invasive ventilator rental, and tracheostomy care, are covered by the Korean National Health Insurance Service, lowering the patient’s out-of-pocket expense to 10% of the overall medical cost (Kim et al., 2021). In addition, considering the cost of lenzumestrocel, the socioeconomic status of the participants is considered to be above-average and, thereby, may contribute to their survival. Fourth, most participants were followed up in a single center, one of the multidisciplinary ALS clinics in a tertiary hospital in Seoul. It is acknowledged that multidisciplinary care can increase the survival probability (Hardiman et al., 2017), and Seoul and the metropolitan area are recognized to offer superior accessibility and levels of medical service (Jun et al., 2019), which can also contribute to the survival probability. Fifth, the subjects in the multiple-injection group had various injection intervals after single-cycle administration. The analysis of cytokines in CSF of patients with different additional injection periods showed that patients with additional injections at 3–4 months had more benefits in ALSFRS-R score and cytokine levels compared to those with injection intervals of 5–12 months (Supplementary Figures 11–13). The potential difference in clinical benefits depending on the interval of additional injections was not addressed in this study. Sixth, more detailed safety issues, including long-term persistent pain after stem cell therapy, should be more systemically analyzed in larger-scale clinical trials. To overcome these limitations, a phase III trial was required to confirm the long-term efficacy of lenzumestrocel.

Phase III ALSUMMIT clinical trial protocol (NCT04745299) was approved by the U.S. FDA and KMFDS. ALSUMMIT is a randomized, multicenter, double-blind, parallel-group, sham procedure-controlled phase III trial to evaluate the long-term efficacy and safety of repeated BM-MSCs in the treatment of ALS (56-week main study with five BM-MSC injections followed by 24-month observational study) (Nam et al., 2022). The participant recruitment progress nearly reached 90% while preparing this manuscript.

In summary, our analyses revealed a statistically significant long-term survival extension of BM-MSC treatment and suggested that multiple additional booster injections may have more survival benefits in patients with ALS.
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Introduction: Intrauterine growth restriction (IUGR) is a well-known cause of impaired neurodevelopment during life. In this study, we aimed to characterize alterations in neuronal development underlying IUGR and discover strategies to ameliorate adverse neurodevelopment effects by using a recently established rabbit in vitro neurosphere culture.

Methods: IUGR was surgically induced in pregnant rabbits by ligation of placental vessels in one uterine horn, while the contralateral horn remained unaffected for normal growth (control). At this time point, rabbits were randomly assigned to receive either no treatment, docosahexaenoic acid (DHA), melatonin (MEL), or lactoferrin (LF) until c-section. Neurospheres consisting of neural progenitor cells were obtained from control and IUGR pup’s whole brain and comparatively analyzed for the ability to differentiate into neurons, extend neurite length, and form dendritic branching or pre-synapses. We established for the very first time a protocol to cultivate control and IUGR rabbit neurospheres not only for 5 days but under long-term conditions up to 14 days under differentiation conditions. Additionally, an in vitro evaluation of these therapies was evaluated by exposing neurospheres from non-treated rabbits to DHA, MEL, and SA (sialic acid, which is the major lactoferrin compound) and by assessing the ability to differentiate neurons, extend neurite length, and form dendritic branching or pre-synapses.

Results: We revealed that IUGR significantly increased the neurite length after 5 days of cultivation in vitro, a result in good agreement with previous in vivo findings in IUGR rabbits presenting more complex dendritic arborization of neurons in the frontal cortex. MEL, DHA, and SA decreased the IUGR-induced length of primary dendrites in vitro, however, only SA was able to reduce the total neurite length to control level in IUGR neurospheres. After prenatal in vivo administration of SAs parent compound LF with subsequent evaluation in vitro, LF was able to prevent abnormal neurite extension.

Discussion: We established for the first time the maintenance of the rabbit neurosphere culture for 14 days under differentiation conditions with increasing complexity of neuronal length and branching up to pre-synaptic formation. From the therapies tested, LF or its major compound, SA, prevents abnormal neurite extension and was therefore identified as the most promising therapy against IUGR-induced changes in neuronal development.
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1. Introduction

Intrauterine growth restriction (IUGR) is defined as a significant decrease in fetal growth rate resulting in a birth weight below the 10th percentile of the corresponding gestational age (Sharma et al., 2016). The prevalence accounts for 5–10% of all pregnancies, and amounts to approximately 600,000 cases in Europe, being therefore a serious health problem (Kady and Gardosi, 2004). Placental insufficiency, the main cause of IUGR, chronically decreases the blood flow and nutrient supply to the developing fetus resulting in an unfavorable in utero environment with chronic hypoxia conditions. This situation results to a wide range of abnormal trajectories of brain development including grey (GM) and white matter (WM) injury (Esteban et al., 2010; Pla et al., 2020), which are associated with short- and long-term neurodevelopmental damage and cognitive dysfunctions (Mwaniki et al., 2012; Batalle et al., 2014; Eixarch et al., 2016). This WM injury is tightly related to impaired oligodendrocyte development and myelination (Tolcos et al., 2011; Eixarch et al., 2012; Reid et al., 2012; Rideau Batista Novais et al., 2016), while GM impairment is, in this case, related to altered neuronal connectivity, as described in humans (Batalle et al., 2012) including irregular neurite and dendritic processes in cerebellar cortex and hippocampus, as discovered in sheep, guinea pig and rabbit models of IUGR (Dieni and Rees, 2003; Piorkowska et al., 2014; Pla et al., 2020). Previous investigations of our group unraveled IUGR induced impaired oligodendrogenesis in an in vitro rabbit neurospheres model, which correlates very well with clinical outcomes of WM injury (Kühne et al., 2022). In the current study, we have focused on investigating neuronal development using the same model but studying differentiation of neurons, their neurite outgrowth followed by dendritic branching and network formation in vitro. Besides that, we also used the model to test the potential neuroprotective therapies docosahexaenoic acid (DHA), melatonin (MEL), lactoferrin (LF), and LF’s main metabolite sialic acid (SA).

Currently, there is no efficient neuroprotective treatment to avoid deleterious consequences of IUGR in brain development (Lees et al., 2022). Several clinical and experimental assessments give evidence that early postnatal approaches like breastfeeding (Rao et al., 2007), individualized newborn developmental care and assessment program (Als et al., 2012), and environmental enrichment (Illa et al., 2018) can partially ameliorate the neurodevelopmental impairment caused by IUGR. However, all these strategies have been applied after birth, at a time point when adverse effects of IUGR on brain development have already occurred. The application of a treatment during the prenatal period, a “critical window of opportunity” (Andersen, 2003) is a unique chance to complement postnatal approaches which should not be missed. But to discover efficacious prenatal neuroprotective treatments, it is essential to first deepen the understanding of the mechanisms causing neurostructural changes underlying fetal programming due to IUGR, and for that, to have a good experimental model is indispensable.

Eixarch et al. (2009) developed an experimental IUGR model in pregnant rabbits mimicking placental insufficiency leading to neurodevelopmental symptoms of IUGR which highly correlate with clinical outcomes including postnatal functional and structural discrepancies (Eixarch et al., 2009, 2012). Previous studies using this animal model discovered neonatal as well as long-term persistence of brain reorganization and changes in cerebral network organization induced by IUGR (Eixarch et al., 2012; Illa et al., 2013; Batalle et al., 2014). These results agreed with clinical investigations that 1 year old infants who suffered IUGR also present alterations in structural brain connectivity based on connectomics studies (Batalle et al., 2012). The species rabbit was selected due to its higher similarity to human neurodevelopment compared to other species according to a precocial score established by Workman et al. (2013). Rabbits resemble humans in terms of circulatory changes during gestation, placentation, and brain maturation which occurs primarily postnatally in both species (Derrick et al., 2004; Carter, 2007; Workman et al., 2013). Combining clinical findings with the neurological changes observed in rabbits indicates that the rabbit IUGR model is a suitable model to assess IUGR-induced alterations in humans (Bassan et al., 2000; Eixarch et al., 2009, 2011; Barenys et al., 2021). To understand better, which basic cellular processes are altered during brain development under IUGR, our group established an in vitro model based on primary rabbit neuronal progenitor cells (NPCs) (Barenys et al., 2021). In this model, rabbit NPCs obtained from control and IUGR pups are cultured as three-dimensional (3D) cell aggregates known as neurospheres. Neurospheres are able to imitate basic courses of brain development such as NPC proliferation, migration and differentiation into the brain effector cells neurons, oligodendrocytes and astrocytes (Moors et al., 2007, 2009; Breier et al., 2010; Gassmann et al., 2010; Schreiber et al., 2010; Barenys et al., 2017). Because of its 3D structure encompassing multiple cell types, the neurosphere model is a valuable test system for studying a wide range of neurodevelopmental processes guided by a broad variety of cellular pathways (Gassmann et al., 2010, 2014; Baumann et al., 2016; Barenys et al., 2017, 2021; Dach et al., 2017; Masjosthusmann et al., 2019). In a cost-efficient and animal-reduction approach, with this model we were able to test a much wider concentration range of potential therapies in vitro compared to classical in vivo experiments. After that, and to confirm the findings, on the day of IUGR induction, potential therapies were administered to pregnant animals in vivo to subsequently investigate their prenatal effects in the neurosphere model. A detailed description of the experimental setup is displayed in Figure 1.
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FIGURE 1
 Experimental setup. At gestational day 25, IUGR was induced in one uterine horn of pregnant New Zealand rabbits, while the contralateral horn remained as control. Rabbits were kept until C-section on GD30 with or without (w/o) administration of therapies. Neurospheres were obtained from control and IUGR rabbit pup’s whole brain on PND0 and stored at −80°C. neurospheres were cultivated in a floating culture until mechanical chopping after 11 days. After 2 days neurospheres were plated on an 8-chamber slide previously coated with PDL/Laminin with or w/o exposure to therapies under differentiation conditions. The following endpoints were analyzed after 5, 7, or 14 days: Viability, % neurons, neurite length, and neurite branching (determined by the number of dendritic branching per neuron). Pre-synaptic formation was determined by the % of synapsin-1+ neurons and analyzed after 14 days. The effect of therapies on neurogenesis was assessed after 5 days under differentiation conditions. Rectangle bars = time of administration or exposure, blue circles = endpoints. w/o = without, GD = gestational day, PND = postnatal day, c-section = cesarean section, ECM = extracellular matrix, CTB = cell titer blue. Created with BioRender.com with the license number PY255AV1EQ.


By using the rabbit neurosphere assay, our group revealed previously IUGR-induced adversity on the differentiation rate of pre-myelinating oligodendrocytes and discovered two therapies, DHA and MEL, reverting the reduced oligodendrocyte differentiation after in vitro exposure and preventing it after in vivo administration to the pregnant rabbit (Kühne et al., 2022). This previous study demonstrated that the novel rabbit in vitro neurosphere assay is able to accurately predict the in vivo outcome regarding oligodendrocyte differentiation (Kühne et al., 2022). DHA is also described to facilitate myelin formation, neurotransmitter synthesis, and sustaining synaptogenesis and neuronal network (Greenberg et al., 2008; Gil-Sánchez et al., 2010; Lauritzen et al., 2016), while MEL is depicted to reduce fetoplacental oxidative stress and white-and grey-matter damage in a sheep model of placental insufficiency (Rees et al., 2011; Miller et al., 2014). LF, a SA-rich glycoprotein, was considered as a promising candidate as it enhances neuronal growth, synaptic connectivity as well as placental development (Lopez et al., 2008; Wang, 2016). We selected MEL, DHA and LF due to their promising potential to improve impaired neurogenesis. Due to very limited solubility of LF in the cell culture medium, we used its main metabolite SA for the in vitro experiments. Further, we assessed their safety and efficacy on several neuronal endpoints: Neuron differentiation, neurite length, number of dendrites per neuron, as well as cell viability.



2. Materials and methods


2.1. IUGR induction

All animal experimentation procedures were approved by the Ethics Committee for Animal Experimentation (CEEA) of the University of Barcelona. All protocols were accepted by the Department of Environment and Housing of the Generalitat de Catalunya with the license number 11126, date of approval 24/5/2021, and the procedure CEEA number OB 340/19 SJD. The method of IUGR induction was previously described in Eixarch et al. (2009). Briefly, IUGR was induced at the 25th gestational day (GD) in pregnant New Zealand rabbits by surgical ligature of 40–50% of the uteroplacental vessels of each gestational sac of one uterine horn, while the contralateral horn was left for normal growth. Caesarean section was carried out at GD30 to obtain IUGR and control pups.



2.2. Administration of therapies in vivo

On the day of IUGR induction pregnant rabbit mothers were assigned to 4 different groups: without (w/o) administration, or with administration of MEL, DHA, or LF. The therapies were daily administered to the pregnant rabbit by releasing the solution with a syringe in the throat from the day of IUGR induction (GD 25) until the day of caesarean section (GD 30). Specific doses were determined as followed: MEL (10 mg /kg bw/day), DHA (37 mg/kg bw/day) and Lf (166 mg/kg bw/day). We refer to Kühne et al. (2022) for a detailed description about selection of in vivo doses, calculations and suppliers. For all treatment groups, the inclusion criteria for postnatal day 0 (PND0) IUGR pups was a birth weight lower and for control pups higher than the 25th percentile (39.7 g, Barenys et al., 2021). The number and birth weight of PND0 rabbit pups from each group was equal to the animals described in Kühne et al. (2022). Briefly 12 control and 10 IUGR pups from the group w/o were included from 8 rabbit mothers, 2 control and 2 IUGR rabbit pups were included from two different rabbit mothers for each treatment group.

From one rabbit pup’s whole brain, at least four independent experiments were performed.



2.3. Neurosphere preparation

The in vitro neurosphere culture was generated directly after decapitation at PND0, as described in Pla et al. (2022). Briefly, neural progenitor cells (NPCs) were isolated from rabbits’ whole brains by dissection, mechanical dissociation, digestion (20 min incubation with 20 U/ml papain [Worthington #LS003124] at 37°C), mechanical homogenization into a cell suspension, and centrifugation (10 min at 1200 rpm). The cell pellet obtained was resuspended in 1 ml of freezing medium (1:1; volume of pellet: volume of freezing medium [consisting in 70% (v/v) proliferation medium, 20% (v/v) fetal calf serum (FCS [Serva #1192002]), and 10% (v/v) DMSO]) and immediately stored at −80°C. Each cryo-vial was thawed by brief immersion in a 37°C water bath, and cells were transferred to 15 ml of proliferation medium preconditioned at 37°C and 5% CO2 for 2 h, and gentle resuspension. The cell suspension was centrifuged (10 min, 1,200 rpm), supernatant discarded and cells transferred to Poly-HEMA [Sigma #192066] coated dishes filled with proliferation medium [consisting in DMEM [Gibco #10569010] and Hams F12 [Gibco #31765027] 3:1 supplemented with 2% B27 [Gibco #17504044], and 20 ng/ml human recombinant epidermal growth factor (EGF [Gibco #PHG0313]) and recombinant human fibroblast growth factor 2 (FGF2 [R&D systems #233-FB]), Penicillin–Streptomycin (10,000 U/ml) [Gibco #15140122] supplemented with Rho kinase (ROCK) inhibitor Y-276322 [Tocris #1254] at a final concentration of 10 μM. Half of the volume of proliferation medium per petri dish was exchanged every 2–3 days by proliferation medium without ROCK inhibitor.



2.4. Neurosphere plating

IUGR and control brains derived neurospheres formed for 11 days in proliferation medium were always cultured in parallel. Two days before starting experiments, proliferating neurospheres were mechanically chopped to a size of 0.2 mm (McIlwain tissue chopper) to ensure homogeneous neurosphere size and spherical shape. Neurospheres were not chopped more than once. On the experiment plating day, 0.3 mm diameter neurospheres were selected and transferred in 8-chamber slides (Falcon #354118) previously coated with laminin [Sigma #L2020] and poly-D-lysin (PDL [Sigma #P0899]) containing differentiation medium [consisting in DMEM and Hams F12 3:1 supplemented with N2 [Gibco #17502048], Penicillin–Streptomycin (10,000 U/ml)]. The medium of 7-, and 14-day experiments were supplemented with 1% FCS. Half of the medium was renewed every 2–3 days. NPCs plated on a laminin/PDL coated surface radially migrated out of the sphere core and differentiated into effector cells. Each chamber contained five (5-day experiment) or six (7-and 14-day experiment) neurospheres representing replicates within one experiment, and at least three independent experiments were performed for every endpoint and exposure condition.



2.5. Therapy exposure in vitro

Compounds for neuroprotective therapy testing were dissolved in their corresponding vehicle depending on their maximum solubility (Table 1) and subsequently in differentiation medium. The effect of the potential therapies was assessed after 5 days of differentiation.



TABLE 1 Therapy exposure in vitro.
[image: Table1]



2.6. Immunocytochemistry

After 5, 7, or 14 days under differentiation conditions, neurospheres were fixed with paraformaldehyd (PFA) 4% for 30 min at 37°C, washed twice with PBS and stored in PBS until immunostained.


2.6.1. Neuronal staining after 5 and 7 days

Neurospheres were incubated with a primary antibody solution containing 10% goat serum [Sigma #G9023] and 1:100 rabbit IgG anti-βIII-tubulin antibody [Sigma T2200] in PBS-T (PBS containing 0.1% Triton X-100) for 1 h at 37°C. After three washing steps with PBS, slides were incubated with secondary antibody solution containing 2% goat serum, 1:100 Hoechst 33258 [Sigma #B1166] and 1:200 Alexa 546 anti-rabbit IgG [Invitrogen #A-11030] in PBS for 30 min at 37°C.



2.6.2. Co-staining of neurons and pre-synapses after 14 days

Neurospheres were incubated for 1 h at 37°C, with a primary antibody solution containing goat serum as blocking solution (10%), rabbit anti-βIII-tubulin IgG antibody (1:100), mouse anti-synapsin1 IgG antibody [synaptic system #106011] and PBS-T. After three washes with PBS, slides were incubated with secondary antibody solution containing 2% goat serum, 1:100 Hoechst 33258, 1:100 Alexa 488 anti-rabbit IgG [Invitrogen #A-11008], 1:100 Alexa 546 anti-mouse IgG and PBS for 30 min at 37°C.

After incubation with the respective secondary antibody solution and three washing steps with PBS, slides were mounted with Aqua Poly/Mount (Polyscience #18606) and stored at 4°C until image acquisition.




2.7. Image acquisition and analysis of neuronal endpoints

The endpoints “% of neurons,” “number of dendrites per neuron,” and “neurite length” were analyzed after 5, 7, and 14 days of differentiation, whereas “pre-synaptic formation” was only assessed after at time point 14 days (Figure 1). EGF [20 ng/ml] was used as a positive control for neuronal differentiation. Neurospheres were fixed, immunocytostained, and image analysis was carried out by taking two images of each migration area with a BX61 microscope (Olympus, Japan) with “UPlanFl 10x/0.30 Ph1” objective lens and using the ImageJ/Fiji 1.53q software. The number of nuclei (Hoechst staining) representing the total amount of cells was automatically counted using ImageJ/Fiji 1.53q software and neurons (βIII-tubulin+ cells) were manually counted. To determine the % of neurons the number of neurons was normalized to the number of nuclei.

The number of dendrites/neuron and their distances from the soma (neurite length) were manually measured by using ImageJ 1.53q after 5 days of differentiation. After 7 and 14 days, the number of dendrites/neuron and neurite length were assessed with the “Sholl analysis” of the ImageJ/Fiji 1.53q blinded to the experimental groups (L.G.V. and B.A.K.). The tool “Sholl analysis” was used to trace manually the different paths of dendrites calculating dendritic branching and length, as described in detail in Pla et al. (2020). The 8-bit tracing was constructed by using the Fiji plugins “Segmentation” and “Simple Neurite Tracer” as described in Binley et al. (2014). The total amount of dendrites was classified in primary, secondary, or tertiary dendrites depending on their point of division. The primary dendrites are born from the soma, the secondary ones from the primaries and so on. After 14 days the ability to generate pre-synapses was analyzed. Pre-synaptic puncta were defined as Synapsin-1 (pre-synaptic marker) co-localized with βIII-Tubulin+ cells. Pre-synaptic formation (synapsin-1+ neurons [%]) was determined by the number of neurons with synapsin-1+ puncta normalized by the total number of neurons. Analysis was evaluated in 5–6 neurospheres/condition, minimum 10 neurons/neurosphere in at least 3 independent experiments.



2.8. Cell viability

The cell viability was assessed with the CellTiter-Blue® cell viability assay (Promega #G8081). This assay is based on the measurement of mitochondrial reductase activity of living cells by conversion of resazurin to the fluorescent product resorufin. After 2 h of incubation with the reagent (1:3), medium was placed in a 96-well plate and read with FLUOstar Optima microplate reader. Neurospheres exposed to 10% DMSO (2 h) were used as lysis control.



2.9. Statistics

Statistical analysis was performed using GraphPad Prism v9. The difference between two samples was calculated with a two-tailed paired student’s t-test. Concentration-dependent effects were analyzed using one-way ANOVA. Time-course experiments including the comparisons of more than two groups were assessed by performing a two-way ANOVA. One-way and two-way ANOVA analysis was always followed by post-hoc test Bonferroni’s multiple comparison test. The respective statistical analysis is mentioned in each figure legend. The significance threshold was established at *p ≤ 0.05.




3. Results


3.1. IUGR increases neurite length after 5 days in vitro

Neurospheres were prepared from 12 control and 10 IUGR rabbit pups with a significantly reduced body weight in the IUGR group as described in Kühne et al. (2022). Previous results from our group testing the impact of IUGR in the rabbit neurosphere model after 3 days in culture determined no difference between control and IUGR on the endpoint “% neurons” (Barenys et al., 2021). In the current study, we investigated the impact of IUGR on neuronal endpoints after 5 days in vitro to unravel if changes may occur at a later time point but we confirmed that the percentage of neurons was also not significantly different between control and IUGR at this time point (Figures 2A,B, Control: 2.25 ± 0.39% vs. IUGR: 2.34 ± 0.25%, p = 0.800). The positive control EGF significantly decreased the % of neurons in both groups (Figure 2B, Control: 0.21 ± 0.08%; IUGR: 0.15 ± 0.04%), and significantly increased the metabolic activity in comparison to the solvent control indicating a proliferative effect as expected for this growth factor (Supplementary Figure S1A) proving that the system is flexible and can react to external stimuli known to keep cells in a proliferating instead of in a differentiating status. The endpoint “neurite length” was measured by the distance from the soma to the neurite end (Figure 2C), and the “number of dendrites per neuron” revealed the degree of dendritic arborization (Figure 2D). After 5 days in culture, neurons of control, and IUGR neurospheres developed mainly primary dendrites and significantly fewer secondary dendrites per neuron (1.39 control primary vs. 0.12 control secondary dendrites/neuron, p < 0.0001; Figure 2D). Importantly, the total neurite length was significantly increased in IUGR neurospheres compared to the respective control value (Figure 2C, total control: 29.82 ± 2.84 vs. IUGR: 36.03 ± 3.46 μm, p = 0.011). This difference was due to the significantly larger primary neurites in IUGR neurospheres (Figure 2C, primary control: 28.50 ± 2.71 vs. IUGR: 34.81 ± 3.48 μm, p = 0.006), and not to differences in the secondary neurite length (Figure 2C, secondary control: 1.36 ± 0.35 vs. IUGR: 1.19 ± 0.16 μm, p = 0.943). The number of dendrites per neuron did not vary between control and IUGR after 5 days, neither the total number nor the number of primary or secondary dendrites (Figure 2D, total control: 1.51 ± 0.09 vs. IUGR: 1.44 ± 0.05 dendrites/neuron, p = 0.353).
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FIGURE 2
 Neuronal development after 5 days after 5 days. (A) Representative pictures of neuronal marker βIII-Tubulin (I, green), nuclei marker Hoechst 33258 (II, blue) and merged (III) in control and IUGR neurospheres after 5 days under differentiation conditions. Control and IUGR neurospheres were tested for (B) % neurons, including the positive control EGF [20 ng/ml], (C) neurite length and (D) number of dendrites/neurons. Mean ± SEM; *p ≤ 0.05, ns: not significant. Comparison between two groups was analyzed by two-tailed paired t-test. Comparisons of more than two groups were assessed by performing a one-way ANOVA followed by Bonferroni’s multiple comparison test.




3.2. IUGR increases the % of neurons after 14 days in a time-dependent manner

We established for the very first time the maintenance of rabbit control and IUGR neurospheres under long-term differentiation conditions [maximum time in culture previously described was 5 days in vitro (Barenys et al., 2021)] and examined the changes in neuronal morphology or network formation over time (Figure 3). Representative pictures of neurospheres cultured for 7 and 14 days in vitro revealed that both groups (IUGR and control) continued developing βIII-tubulin+ cells. After 7 days both neurosphere groups, control and IUGR, did not develop the pre-synaptic marker synapsin-1 (Supplementary Figures S2), but after 14 days they presented pre-synaptic formation (Figures 3A,B). In a time-course experiment including the time points 5, 7, and 14 days, a significant interaction between time and cases (control and IUGR) was observed (p = 0.0143). The percentage of βIII-tubulin+ cells was only slightly increased in the IUGR group compared to the control after 7 days. But remarkably, after 14 days, the percentage of neurons in IUGR neurospheres exceeded to a significant extent the percentage of neurons in the control group (Figure 3C, Control: 4.43 ± 0.98% vs. IUGR: 8.82 ± 2.61%, p = 0.005). By using this time-course approach we discovered that the neuronal differentiation rate is significantly faster in IUGR compared to control (Figure 3C, difference between the slopes of control and IUGR: p = 0.013), without affecting the viability at any time point indicating a specific effect on neuronal development by excluding a cytotoxic effect (Supplementary Figures S1B,C). The total neurite length and number of dendrites per neuron increased over time in both groups, control and IUGR, demonstrating a more complex neuronal morphology with extended neurites and more branched dendrites from 5 to 14 days (Figures 3D,E). After 14 days, the percentage of neurons developing pre-synaptic puncta (synapsin-1+ neurons) was measured (Figure 3B IV–V arrows, Figure 3F). However, no significant difference in the presynaptic formation between control and IUGR was discovered (Figure 3F, Control: 15.23 ± 9.97% vs. IUGR: 27.45 ± 11.36%, p = 0.277).
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FIGURE 3
 Neuronal development and network formation after 5, 7, and 14 days. (A) 7 days of neuronal differentiation in control and IUGR neurospheres. Representative pictures of neuronal marker βIII-Tubulin (I, green), nuclei marker Hoechst 33258 (II, blue) and merged (III). (B) 14 days of neuronal differentiation control and IUGR neurospheres. Representative pictures of (I) Neuronal marker βIII-Tubulin (green), (II) nuclei marker Hoechst 33258 (blue), (III) merged picture of neuronal and nuclei staining, (IV) pre-synaptic marker Synapsin-1, (V) merged picture of neuronal and synaptic staining. Scale bar = 100 μm. (C) Time course of neuronal differentiation from 3 to 14 days of differentiation [% βIII-Tubulin positive cells], (D) Time course of total neurite length/ neuron from 5–14 days. (E) Time course of total number of dendrites/neuron from 5–14 days. (F) Pre-synaptic formation: Rabbit neurospheres obtained from control and IUGR pups were cultured for 14 days and comparatively tested for the ability to generate pre-synapses. Pre-synaptic formation was determined by the number of neurons with synapsin-1 positive puncta normalized by the total number of neurons (synapsin-1+ neurons [%]). Analysis was evaluated in 6 neurospheres/condition, minimum 10 neurons/neurosphere in 3 independent experiments. Mean ± SEM; *p ≤ 0.05, ns: not significant. Time-course analysis was performed using two-way ANOVA followed by Bonferroni’s multiple comparison. Comparison between two groups was analyzed by two-tailed paired t-test (F).


To investigate the development of neurite length and dendritic arborization in more detail, we measured not only their total number and length but also the number and length of primary, secondary, and tertiary dendrites after 7 and 14 days in vitro (Figure 4). While NPCs cultured for 5 days only formed neurons with primary and secondary dendrites (Figures 2C,D), NPCs cultured for 7 and 14 days established a more advanced neuronal phenotype including tertiary dendrites (Figure 4). Representative pictures display the measurement of neurite length and the number of primary, secondary, and tertiary dendrites of control and IUGR neurons after 7 and 14 days using the “Sholl analysis” (Figures 4A,C). Primary dendrites from neurons of both groups (control and IUGR) significantly extended their length over time from 7 to 14 days (Figure 4B), whereas only the IUGR group significantly increased the number of primary dendrites/neuron over time (Figure 4D). Secondary dendrites of neurons of both groups increased their number from 7 to 14 days, while only the control group significantly increased the length of secondary dendrites (Figures 4B,D). Tertiary dendrites from neurons of both groups did not significantly expand their length or number over time.

[image: Figure 4]

FIGURE 4
 Length and number of primary, secondary and tertiary dendrites per neuron after 7 and 14 days. Example of “Sholl analysis” of a control (left) and IUGR (right) neuron, respectively, with traced and counted dendrites, after (A) 7 and (B) 14 days of differentiation, scale bar = 25 μm. Control and IUGR neurospheres were cultured for 7 or 14 days and comparatively tested for the (C) neurite length of primary, secondary and tertiary dendrites, (D) number of primary, secondary and tertiary dendrites/neuron. Analysis was evaluated in 6 neurospheres/condition, minimum 10 neurons/neurosphere in at least 3 independent experiments. Mean ± SEM; *p ≤ 0.05 control vs. IUGR. #: p ≤ 0.05 7 d vs. 14 d. Analysis was performed using two-way ANOVA followed by Bonferroni’s multiple comparison.




3.3. Assessment of potential therapies after 5 days in vitro

We selected the time point 5 days in vitro for further assessments of potential therapies, because our results at this time point correlate very well with the situation described in vivo in a previous study investigating structural brain changes in a rabbit model of IUGR (Pla et al., 2020). This study observed a more advanced dendritic morphology in the frontal cortex of IUGR compared to control animals (Pla et al., 2020).

With the aim to revert adverse effects on neurogenesis induced by IUGR, we evaluated the safety and efficacy of 3 potential therapies MEL, DHA, and SA on the neuronal endpoints “% of neurons,” “neurite length,” and “number of dendrites per neuron,” as well as cell viability. In a previous study of our group using rabbit neurospheres, the maximum tolerated concentration (MTC) from MEL, DHA, and SA was determined in control neurospheres with the following criteria: viability was not lower than 70% of the solvent control (SC), migration distance and % of oligodendrocytes were not significantly reduced (Kühne et al., 2022). In the current approach, the additional criteria to set the MTC was “no significant adverse effect on any on the tested neuronal endpoints” in control neurospheres. Control neurospheres were exposed to potential therapies in a concentration-dependent manner for 5 days under differentiation conditions in vitro (Figure 5). None of the tested therapies adversely disturbed the tested endpoints (Figure 5, Supplementary Figure S3) and the MTC of each compound was set at the highest tested concentration for each compound, which was in accordance with the results in Kühne et al. (2022). A summary of these concentrations is presented in Table 1.
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FIGURE 5
 Exposure to potential therapies in vitro – safety evaluation after 5 days in vitro: Safety assessment of therapies on neuronal endpoints. Control neurospheres were tested for (A) % neurons [% βIII-tubulin+ cells], (B) total neurite length, (C) length of primary and secondary dendrites, (D) total number of dendrites/neuron, and (E) number of primary and secondary dendrites/neuron and exposed to increasing concentrations of Melatonin (MEL, green), DHA (yellow), or Sialic Acid (SA, red). Mean ± SEM. Concentration-dependent effects were analyzed using one-way ANOVA followed by Bonferroni’s multiple comparison test.


The main interest was to find a concentration of the selected therapies which reverts the effects of IUGR. The cell viability determined by metabolic activity was always performed in the same experiments to distinguish between a specific effect and a general cytotoxic effect (Supplementary Figure S3). IUGR neurospheres were exposed to increasing concentrations of the selected therapies up to their MTC (Table 1). MEL, DHA, and SA did not significantly interfere with the % of neurons at any of the tested concentrations neither in control nor in IUGR neurospheres (Figures 5A, 6A). Our focus lied on decreasing the neurite length of the IUGR group because the total neurite length and the length of primary dendrites were significantly increased by IUGR after 5 days in vitro. MEL did not significantly reduce the total neurite length in IUGR neurospheres in none of the tested concentrations (Figure 6B). However, the lowest (0.1 μM) and the highest (3 μM) concentration of MEL significantly reduced the length of primary dendrites by presenting a stronger effect in the lowest concentration (Figure 6C, 0.1 μM MEL 20.70 ± 2.86 μm vs. SC 34.81 ± 3.48 μm, p = 0.004). MEL induced a non-monotonic response without showing a concentration-dependent effect or impact on the total neurite length, that is why MEL was not considered as the most favorable therapy against IUGR induced adverse effects on neurite length. Likewise, DHA did not present a significant reduction in the total neurite length at any of the tested concentrations (Figure 6B). Nevertheless, DHA showed a concentration-dependent effect on primary dendrites decreasing their length significantly (p = 0.001, Figure 6C). Even though DHA showed a positive effect on primary dendrites, the total length of neurites could not be improved. On the contrary, the exposure of SA to IUGR neurospheres prompted a concentration-dependent effect on total neurites and primary dendrites by significantly reducing their length. 10 μM SA significantly decreased the total neurite length (21.03 ± 0.75 μm vs. SC 36.03 ± 3.46 μm, p = 0.05), and 1 and 10 μM SA significantly reduced the length of primary dendrites (1 μM SA 22.43 ± 0.93 μm, p = 0.022; 10 μM SA 19.64 ± 0.5, p = 0.003). The total number of dendrites per neuron was not altered by any of the tested therapies (Figure 6D), neither the number of primary nor secondary dendrites per neuron (Figure 6E). Based on these findings, SA was selected to be the best candidate in reverting neurite extension induced by IUGR in vitro.
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FIGURE 6
 Exposure to potential therapies in vitro – efficacy evaluation after 5 days in vitro: Effect of therapies on neuronal endpoints. IUGR neurospheres were tested for (A) % neurons [% βIII-tubulin+ cells], (B) total neurite length, (C) length of primary and secondary dendrites, (D) total number of dendrites/neuron, and (E) number of primary and secondary dendrites/neuron and exposed to increasing concentrations of Melatonin (MEL, green), DHA (yellow), or Sialic Acid (SA, red). Mean ± SEM; *p ≤ 0.05 SC vs. treatment. Concentration-dependent effects were analyzed using one-way ANOVA followed by Bonferroni’s multiple comparison test. Comparison of more than two groups were assessed by performing a two-way ANOVA followed by Bonferroni’s multiple comparison test (C,E).




3.4. Administration of therapies in vivo–evaluation in vitro

To investigate the transferability of the in vitro results to the in vivo situation, we randomly assigned pregnant rabbits to different groups and administered MEL, DHA, or LF daily from the day of IUGR induction until C-section. SA is the main metabolite of LF, and therefore not SA but the parent compound LF was selected for the treatment in vivo. The body weight of the PND0-IUGR pups from all groups (with or without treatment; w/o) was significantly lower than the body weight of the respective control group, indicating that the treatments had no effect on the body weight [see Table 1 in Kühne et al. (2022)].

Neurospheres were obtained from control and IUGR pup’s whole brain from the different treatment groups and analyzed for neuronal endpoints after 5 days under differentiation condition in vitro. The cell viability determined by metabolic activity was not significantly reduced compared to the control value in neurospheres of any treatment group (Supplementary Figure S4). The % of neurons was not significantly different between control and IUGR neurospheres obtained from pups from all treatment groups, which is in accordance with the effect observed in vitro (Figure 7A). Neurospheres obtained from IUGR pups prenatally administered to MEL did not display any improvement in neurite length, neither the total neurite length nor the length of primary or secondary dendrites (Figure 7B). Likewise, the prenatal administration of DHA to the pregnant rabbit could not prevent the adverse effect of IUGR on total neurite length, primary, or secondary dendrites (Figure 7B). However, neurospheres from IUGR pups of LF-treated rabbits presented a significant reduction in the total neurite length compared to the non-treated IUGR group (LF total: 23.71 ± 0.64 μm vs. w/o total: 36.03 ± 3.46 μm, p = 0.049, Figure 7B). The length of primary dendrites was also significantly reduced in IUGR neurospheres of the LF group compared to primary dendrites of the non-treated IUGR group (LF primary: 22.23 ± 1.10 μm vs. w/o primary: 34.81 ± 3.48 μm, p = 0.0045), while the length of secondary dendrites remained unaffected. In control neurospheres from the LF group, the neurite length of total and primary dendrites stayed on the level of w/o control neurospheres. Remarkably, these results are in good agreement with the results of the in vitro exposure to SA, the main metabolite of LF (Figures 6B,C). Finally, the total number of dendrites per neuron did not differ between any treatment group and w/o group (Figure 7C). None of the in vivo tested therapies influenced the number of primary or secondary dendrites per neuron, which was also in line with our in vitro results (Figures 6D,E).
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FIGURE 7
 Administration of potential therapies in vivo – evaluation after 5 days in vitro. Pregnant rabbits received no treatment (w/o), MEL (10 mg/kg bw/day, green), DHA (37 mg/kg bw/day, yellow) or LF (166 mg/kg bw/day, red) at the day of IUGR induction until cesarean section. Neurospheres obtained from Control and IUGR pups were tested for (A) % neuronal differentiation (% βIII-tubulin+ cells), (B) total neurite length and below length of primary and secondary dendrites in control and IUGR neurospheres (C) total number of dendrites/ neuron and below number of primary and secondary dendrites in control and IUGR neurospheres; Mean ± SEM; *p ≤ 0.05, ns: not significant. Upper row: Data was analyzed using one-way ANOVA. Comparison of more than two groups (treatment, primary and secondary dendrites) was assessed by two-way ANOVA. Both followed by Bonferroni’s multiple comparison test.


Taking into account all results presented, the in vitro neurosphere assay correctly predicted the outcome of both, positive and negative results of the in vivo administration for the endpoints “% of neurons,” “total neurite length,” and “total number of dendrites” or “number of primary and secondary dendrites.” Merely the in vitro results of “length of primary and secondary dendrites” after exposure to MEL and DHA was not in accordance with the results of the prenatal in vivo treatment. Our findings revealed LF as the most promising therapy to prevent increased neurite length caused by IUGR.




4. Discussion

We used a previously established rabbit neurosphere model mimicking brain development under IUGR conditions (Barenys et al., 2021). The in vitro neurosphere system has been revealed to reproduce the clinical situation of WM injury by reducing the percentage of pre-oligodendrocytes in the IUGR group in vitro by accurately predicting the outcome in vivo with respect to oligodendrogenesis, which makes it a powerful and consistent tool to assess IUGR induced neurological alterations (Kühne et al., 2022). In this study, we assessed the impact of IUGR on neuronal development after 5, 7, and 14 days and pre-synaptic formation after 14 days in vitro, as well as the safety and efficacy of potential therapies in vitro and after in vivo administration.

IUGR neurospheres presented a significant increase in the total neurite length as well as in the length of primary dendrites after 5 days in vitro. These results correlate very well with a previous in vivo study of our group, where IUGR rabbit pups (PND1) presented a more complex branched morphology in frontal cortex neurons. In that study, tertiary, quaternary and quinary dendritic branches were significantly increased in the IUGR versus the control group (Pla et al., 2020). With the same in vivo rabbit model, diffusion tensor imaging parameters were assessed revealing reduced fractional anisotropy (FA) in several brain regions of WM and GM including the frontal cortex of IUGR animals (Eixarch et al., 2012). A decrease in cortical FA is associated with an increase in dendritic expansion and branching of neurons (McKinstry et al., 2002) and also correlates well with the increased neurite length present in our IUGR in vitro culture.

Although the exact mechanism leading to these changes in neurite branching in vitro and in vivo is not known yet, a recent study of our group provides evidence of a possible underlying molecular mechanism: IUGR neurospheres present a significant higher expression of the adhesion molecule integrin-β1 at gene and protein level (Kühne et al., 2022). Integrin-β1 interacts with the extracellular matrix (ECM) protein laminin allowing the migration of NPCs to a distal destination and the alignment of glial cell in brain and cerebellar cortex (Graus-Porta et al., 2001; Förster et al., 2002; Belvindrah et al., 2007; Barenys et al., 2017; Kühne et al., 2019). But integrin-β1 is not only involved in migration but also in the extension of neurite length and arborization in the developing brain as studies have shown that integrin-β1 deficiency in cells from partial knock-out mice were not able to evolve dendritic branching (Marrs et al., 2006; Belvindrah et al., 2007). Also, integrin-β1 blocking or inhibition experiments reduced or avoided neurite extension and branching on laminin (Moresco et al., 2005; Warren et al., 2012; Ortiz-Romero et al., 2018). In view of the finding that IUGR neurospheres overexpress integrin-β1, future experiments to prove if this is the underlying mechanism of the changes observed in neurites, such as plating control and IUGR neurospheres on an ECM with decreasing laminin concentrations to discover whether the extended neurite length decreases with declining laminin concentrations, are needed.

We successfully established for the very first time the maintenance of the rabbit neurosphere culture for 7 and 14 days under differentiation conditions. This is of importance for research groups working with the rabbit model and needing longer-term culture periods to model longer exposure to toxicants or to therapeutic agents. Over that time in culture, both control and IUGR neurospheres developed a more complex neuronal phenotype including more dendrites and longer neurites. This outcome demonstrates that our rabbit neurosphere system is able to reflect spatiotemporal processes of brain development with increasing complexity of the nervous system as described for human neurospheres (Kim et al., 2006).

In the time-course experiment, the percentage of neurons in IUGR significantly exceeded the % of neurons in control neurospheres after 14 days. This increase in percentage of neurons was not previously described in the in vivo IUGR model (it was not tested) and therefore needs further confirmation. For this reason, we decided not to focus on the prevention/reversion of this result for the evaluation of the therapies. After 14 days, both groups were able to develop the pre-synaptic marker synapsin-1, suggesting neuronal network formation. Our results indicate a faster network expansion in the rabbit compared to the human neurosphere culture. Neurons of primary human NPCs did not develop synaptic markers until 28 days under differentiation conditions and human induced pluripotent stem cells developed synaptic markers at first after 28 days in culture forming an electrically active neuronal network (Hofrichter et al., 2017; Nimtz et al., 2020). We did not find a difference in pre-synaptic marker formation between control and IUGR, but to our knowledge, IUGR induced disturbance of neuronal function including signal transmissions has never been studied yet in an in vitro model of IUGR. In future, it will be necessary to co-label pre-and post-synaptic compartments by including a post-synaptic marker such as PSD-95 to confirm the formation of synapses between neurons. However, it was challenging to maintain rabbit neurospheres for more than 7 days under differentiation conditions, and it was necessary to supplement the medium with FCS, which is known to improve viability but also induce neuronal differentiation in rabbit neurospheres (Barenys et al., 2021). If IUGR neurospheres need to be kept under restricted oxygen and nutrients supply in vitro for long-term culture to continue to be a correct model to study IUGR needs further clarification, thus we decided to focus on the differentiation day 5 in the current study.

To date no efficient treatment is available to improve adverse brain development occurring from IUGR, and neuroprotective therapies are urgently needed to be applied prenatally during the “critical window of opportunity” to protect or correct IUGR-induced brain damage (Andersen, 2003). Our rabbit model mimics the situation of late-onset IUGR, which is the most critical instance encompassing the highest incidence of IUGR cases with a very small time window between diagnosis and intervention (Figueras and Gratacos, 2017; Figueras et al., 2018). For the safety and efficacy testing of potential therapies MEL, DHA, and LF or its main metabolite SA we exposed the neurospheres for 5 days under differentiation conditions, as this time point presented several advantages: i) it is a short-time period in good agreement with the short intervention time described in late-onset IUGR cases in humans, ii) it is the time between IUGR induction in vivo and C-section, so the in vitro and in vivo treatments would be comparably long, and iii) the in vitro results on IUGR-induced changes in neurites highly correspond to previous in vivo findings (Pla et al., 2020). Regarding the safety of the selected therapies, none of the tested concentrations in vitro or after prenatal administration in vivo exhibited an adverse effect on viability or neuronal endpoints in control neurospheres indicating safe concentrations in vitro and in vivo. These results comply with the safety assessment of all tested compounds on the endpoint oligodendrogenesis as previously calculated in Kühne et al. (2022). In this earlier study, we identified MEL and DHA as the most promising therapies to prevent and revert IUGR adverse effects on oligodendrogenesis, while LF did not change impaired oligodendrocyte differentiation after IUGR induction (Kühne et al., 2022). The hormone MEL is a highly effective antioxidant, which readily crosses the placental and blood–brain barrier reducing fetoplacental oxidative stress and decreased white-and grey-matter damage in different models of IUGR (Rees et al., 2011; Miller et al., 2014; Castillo-Melendez et al., 2017). DHA is a long-chain omega-3 polyunsaturated fatty acid that is an important component of brain membrane phospholipids, which contributes to neuronal differentiation and signaling and accelerate myelination (Greenberg et al., 2008; Gil-Sánchez et al., 2010; Lauritzen et al., 2016). By exposure to different concentrations of MEL, DHA, and SA to IUGR neurospheres in vitro, all three tested compounds could revert the IUGR-induced length of primary dendrites, however, only SA was able to decrease the total neurite length in IUGR neurospheres. After in vivo administration only LF could prevent the neurite elongation in IUGR neurospheres and was therefore considered as the best candidate for the protection of neuronal development.

LF is an iron-binding, SA-rich glycoprotein known to act as anti-bacterial and anti-inflammatory compound protecting the development of brain and cognitive function (Wang, 2016). LF was reported to protect against immature brain injury by recovering cerebral GM and WM destruction in a rat model of hypoxia-ischemia after maternal supplementation with LF (van de Looij et al., 2014). SA is a monosaccharide that plays a key role in the synthesis of brain gangliosides and sialylated glycoproteins including polysialic acid (Poly-SA), which binds to the neural cell adhesion molecule (NCAM) and is crucial for the neurodevelopment (Weinhold et al., 2005; Bonfanti, 2006; Wang, 2016). (Burgess et al. (2007) discovered in an in vitro primary embryonic rat cell culture, that poly-SA limits the neurite elongation of septal neurons by preventing the interactions between integrin-β1 and laminin. The other way around, a removal of poly-SA enhances the laminin and integrin-β1 interaction, which was responsible for neurite outgrowth. Another group reported that a removal of poly-SA facilitated the development of immature neurons in adult mice (Coviello et al., 2021), thus showing the in vivo relevance of this interaction. These results are in line with our investigations revealing an overexpression of integrin-β1 in IUGR NPCs (Kühne et al., 2022) along with elongated neurite length in IUGR neurospheres, which could be reverted due to SA exposure in vitro and prevented by LF administration in vivo.

However, it is important to remark that we do not know if the increased neuronal arborization is harmful or is a mechanism compensating other adverse effects of IUGR. In previous in vivo experiments using the same rabbit model, IUGR animals did not present severe functional impairments at short-term (PND1) (Pla et al., 2020), but only at later time points (PND70) neurobehavioral and cognitive deficiencies could be evaluated and indeed memory and anxiety traits were detected in the IUGR animals (Illa et al., 2013, 2018). In future, we need studies evaluating long-term effects of LF in GM along with cognitive functional studies, which could not be assessed at the short-term evaluation in our animal species (Illa et al., 2023).

In summary, we established for the first time the sustainment of the rabbit neurosphere culture until 14 days under differentiation conditions with increasing complexity of neuronal length and branching up to pre-synaptic formation, mimicking spatiotemporal characteristics of brain development. IUGR neurospheres presented a significant increase in neurite length compared to control neurospheres after 5 days in vitro. The underlying mechanism of this effect in the IUGR group is not known, but we hypothesize that it could be attributed to an increase in the adhesion molecule integrin-β1, as previously discovered in Kühne et al. (2022). Supporting this hypothesis, SA was able to revert in vitro, and LF to prevent in vivo the induced neurite length in IUGR neurospheres. Whereas MEL and DHA could not improve the IUGR induced total neurite extension neither in vitro nor after prenatal treatment in vivo. For future applications in the clinical field it may be of high interest to develop a combined supplementation during pregnancy including DHA and/or MEL as protective agent against impaired oligodendrocyte differentiation (Kühne et al., 2022) and LF to prevent IUGR-induced alterations on neuronal development.
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System organ class Number of events Number of participants % of total participants

Preferred term

Gastrointestinal disorders
Nausea 6 6 233%
Vomiting 2 2 0.78%

General disorders and administration site conditions

Chills 2 2 0.78%
Injection site pain 1 1 0.39%
Pain 8 7 272%
Pyrexia 2 19 7.39%

Injury, poisoning and procedural complications
Upper limb fracture 1 1 0.39%

Musculoskeletal and connective tissue disorders

Back pain 17 12 467%
Coccydynia 2 2 0.78%
Muscle tightness 1 I 0.39%
Musculoskeletal pain 2 2 0.78%
Myalgia 1 1 0.39%
Pain in extremity 5 5 1.95%

Nervous system disorders
Headache 20 19 7.39%
Dizziness 2 2 0.78%
Renal and urinary disorders

Micturition disorder 1 1 0.39%
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General disorders and administration site conditions
Pain 4
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Cholecystitis acute 3

Musculoskeletal and connective tissue disorders

Back pain 4
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Respiratory, thoracic and mediastinal disorders

Dyspnea 3
Respiratory arrest 3
Respiratory failure 7

Only adverse events that occurred in more than 1% of al participants were listed.
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Lei et al., 118 M/76 Coronary HT, DM, Yes Todixanol Non-ionic, dimer, 150 Epileptic seizures N/A 6 months Yes
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120 F/58 Cerebral = = Todixanol Non-ionic, dimer, 193 Left hemiparesis CT: hyperdensity of 4 days Yes
arteriogram iso-osmolar right frontoparietal
lobe
121 F/61 Cerebral = - Iodixanol Non-ionic, dimer, 212 Left hemiparesis CT: hyperdensity of 3 days Yes
arteriogram iso-osmolar right frontoparietal
lobe
122 F/ 58 Transfemoral - - Toversol Non-ionic, N/A Global aphasia, CT: abnormal 3 days Yes
cerebral monomer, low right sided enhancement in left
angiography osmolar hemiparesis cerebral cortex and
thalamus
123 F/63 Right middle - = Iopromide | Non-ionic, 150 N/A CT: diffuse 2 days Yes
cerebral monomer, subarachnoid
angiography low osmolar hyperdensity
124 M/16 Angiography of | - - Iopromide | Non-ionic, 50 Cortical blindness CT: occipital lobe 24h Yes
the circle of monomer, hyperdensity
Willis low osmolar
125 F/69 Coronary = = Topamidol | Non-ionic, 260 Seizure, right CT: left cerebral 18h Yes
angioplasty 370 monomer, low hemiparesis. cortex,
osmolar left basal ganglia
hyperdensity
Simgek 126 M/68 Coronary HT, DM, No Tohexol Non-ionic, 230 seizure CT: hyperdense 60 h Yes
etal, 2019 angiography Coronary artery monomer, low fields at the vertex
disease, Severe osmolar and at the right
renal frontal lobe
impairment
Our case 127 F/51 Cerebral HT No Todixanol Non-ionic, dimer, 50 Dyskinesia, coma CT:the diffuse >3 months No
angiography iso-osmolal hyperdensity in

brain sulci, fissures,
cisterns, third
ventricle, fourth
ventricle and
subarachnoid space,
and global brain
edema
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<2 days >2 days
(n = 63) (n =64)
Gender
Female (%) 23(36.51) 40 (62.50)
Male (%) 40 (63.49) 24 (37.50)
Age (year) 62.82 % 1.41 61.39 % 1.45
Contrast types
Non-ionic (%) 46 (73.02) 51(79.69)
Tonic (%) 12 (19.05) 6(9.38)
Low-osmolar (%) 45 (71.43) 35 (54.69)
High-osmolar (%) 8 (12.70) 7(10.94)
Iso-osmolal (%) 4(6.35) 11(17.19)

Contrast doses (ml)

188.60 & 13.99

198.07 & 14.23

Non-ionic (ml)

193.39.4:15.59

199.19 + 14.73

Tonic (ml)

167.70 & 37.91

235.20 £ 54.49

Low-osmolar (ml)

195.10 + 16.18

207.83 £ 19.85

High-osmolar (ml) 117.83 £+ 35.31 194.20 £ 45.73
Iso-osmolal (ml) 167.50 & 58.79 152.56 & 23.40
Comorbidities

Hypertension (%) 32(50.79) 39 (60.93)
Diabetes mellitus (%) 10 (15.78) 16 (25.00)
History of angiography (%) 9(14.29) +1 11(17.19)
Renal impairment (%) 6(9.52) 9 (14.06)
Dyslipidaemia (%) 2(3.17) 3(4.69)
Angiography types

Coronary angiography (%) 49 (77.78) 23 (35.94)
Cerebral angiography (%) 6(9.52) 24 (37.50)
Carotid and vertebral 6(9.52) 4(6.25)
angiography (%)

Abnormal CT or MRI (%) 40 (63.49) 44 (68.75)
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Drug target

Effect on
autophagy

Clinical
outcome

Completed trials

ID

Results posted

Ongoing trials

NEITH

Study start

References

AD Bryostatin PKCg ERK/JNK signaling pathway improves cognition NCT02431468 2018 NCT04538066 A 2020 Nelson et al., 2017; Mandic et al., 2022
NCT03560245 2020
Donepezil AChE inhibitor BECN1 and LC3B-II Improves cognition, NCT00571064 2018 NCT03810794 R 2019 Boada-Rovira et al., 2004; Zhao et al.,
induction activity and social [2013; Dasuri et al., 2016;
behavior lAdlimoghaddam et al., 2018; Khuanjing
et al., 2021; O’Bryant et al., 2021
NCT03073876 2019 NCT04730635 R 2021
NCT01951118 2020 NCT04661280 2022
NCT00477659 2021 NCT05078944 2022
Idalopirdin (Lu AE58054) 5-HTs receptor mTOR inhibiton Delays memory NCT02079246 2018 NCT05592678 NYR 2023 Meftre et al., 2012; Wilkinson et al.,
Fntagonist impairment 2014; Atri et al., 2018
NCT02006641 2018
NCT02006654 2022
Levetiracetam SV2A BECN1 and LC3B-II Improves spatial NCT01554683 2020 NCT03489044 A 2018 Sen et al., 2021; Vossel et al., 2021;
induction memory and executive Zheng et al., 2022
function tasks
NCT03875638 R 2019
NCT02002819 2022 NCT04004702 NYR 2020
Memantine NMDA receptor AMPK and VPS34 induction Improves cognition and NCT02553928 2019 NCT03703856 R 2019 [Kishi et al., 2017; Hirano et al., 2019;
antagonist behavioral disturbances McShane et al., 2019; Vucicevic et al.,
2020
NCT05063851 R 2021
Metformin AMPK IAMPK activation Moderate effect on NCT00620191 2020 NCT04098666 R 2021 [Campbell et al., 2018; Farr et al., 2019
cognitive impairment
Pimavanserin 5-HT, 4 receptor inversULK1, FIP200, ATG101, Improves psychotic NCT03118947 2020 [Ballard et al., 2019; Srinivasan et al.,
agonist BECN1, ATGS5, and LC3B ymptoms 2020; Ramachandran and Srivastava,
modulation 2021
NCT03325556 2021
Sargramostim (GM-CSF)  Immune cells ATG3, ATG7 and Improves cognition, NCT01409915 2021 NCT04902703 R 2022 Potter et al., 2021; Abdelmoaty et al.,
GABARAPL2 activation Amyloid-f8 and tau 2022
pathology
HD Pridopidine SIGMARI receptor Facilitates nucleocytoplasmic Neuroprotective, NCT02006472 2021 NCT04556656 A 2020 [Lundin et al., 2010; de Yebenes et al.,
agonist transport of TFEB improves chorea, motor 2011; Karl et al., 2013; Wang et al., 2023
functions and cognition
NCT03019289 2021 NCT04388969 2020
NCT01306929 2022 NCT05287503 2022
PD Ambroxol Raise the level of GCase Facilitates nuclear Neuroprotective, NCT04388969 2020 [McNeill et al., 2014; Choi et al., 2018;
transolcation of TFEB improves chorea, motor [Mullin et al., 2020
functions and cognition
NCT05287503 R 2022
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|Atomoxetine ENRIS Dose dependent effect on mproves attention and NCT01738191 2018 rsh et al., 2009; Hinson et al., 20163
LC3B-1I impulsivity arner et al., 2018; Corona et al., 2019
NCT03651856 2018
Cannabidiol (CB1 and CB2 receptors Prevent JNK MAPK [Therapeutic effects in NCT02818777 2019 NCT03944447 R 2018 [Yang et al., 2014; Crippa et al., 2019;
inverse agonist activation non-motor symptoms, Huestis et al., 2019; Patricio et al., 2020
neuroprotective effect
NCT03639064 2020
NCT05106504 R 2021
Dexmedetomidine 0 -adrenoceptor agonistPI3K/Akt signaling pathway May slow progression of] NCT05376761 2022 Rozet et al., 2006; Martinez-Simon et al.
decline in deep brain 2017; Yu et al.,, 2019; Lombardo et al.,
Fctivity 2020; Nakajima et al., 2021
NCT05197439 NYR 2022
Donepezil /AChE inhibitor BECN1 and LC3B-II mproves cognition NCT02206620 2019 |Aarsland et al., 2002; Ravina et al., 2005;|
induction aik et al., 2021; Baba et al., 2022
NCT01521117 2021
Exenatide (GLP1 receptor agonist [PKA and PI3K/Akt signaling Improves motor NCT04232969 A 2020 [Aviles-Olmos et al., 2014; Foltynie and
pathways symptoms, |Aviles-Olmos, 2014; Athauda et al., 2017
neuroprotective
NCT04305002 A 2020
NCT04269642 A 2020
NCT04154072 A 2020
stradefylline ADORA2A receptor  |Activation of autophagy mproves depression or NCT02610231 2019 NCT05333549 R 2022 Liu Y. et al., 2016; Torti et al., 2018;
antagonist through AMPK-lysosome  cognitive impairment [Chen and Cunha, 2020; Kanzato et al,,
induction 2020
NCT01968031 2020 NCT05182151 R 2022
imavanserin 5-HT, 5 receptor inverseULK1, FIP200, ATG101, mproves psychotic NCT00550238 2019 NCT03947216 NYR 2020 Hawkins and Berman, 2017; Kitten
agonist BECN1, ATGS5, and LC3B ymptoms fet al., 2018; Dashtipour et al., 2021
Fctivation
NCT01518309 2020
NCT03482882 2020 NCT05357612 R 2022
NCT03325556 2021
ramipexole D, /D3 receptor agonist AMPK activation [mproves motor NCT03521635 2021 NCT04249544 R 2019 Biglan and Holloway, 2002; Reichmann
complications and kt al., 2003; Mo et al., 2016; Gencler
ﬂepressive symptoms Ft al,, 2022

Ongoing clinical trial status: NYR, not yet recruiting; R, recruiting; A, active, not recruiting. 5-HT 4, 5-Hydroxytryptamine 2A; 5-HTs, 5-Hydroxytryptamine 6; ACh, acetylcholine; AChE, acetylcholinesterase; AD, Alzheimer’s disease; ADORA2A, adenosine receptor
Az a; AMPK, AMP-activated protein kinase; ApoE4, apolipoprotein E4; BECN1, Beclin-1; CB1 and CB2, cannabinoid receptor 1 and 2; DAG, diacylglycerol; GABA, y-aminobutyric acid; GABARAPL2, GABA type a receptor associated protein like 2; GCase,
glucocerebrosidase; GLP1, glucagon-like peptide-1; GM-CSE, granulocyte-macrophage col

ony-stimulating factor; GSK38, glycogen synthase kinase 3; HD, Huntington’s disease; HMG-CoA, B-hydroxy B-methylglutaryl-CoA; IMPase, inositol monophosphatase; JNK,

c-jun N-terminal kinase; LC3 - MAP1LC3B, microtubule-associated proteins 1A/1B light chain 3B; MAPK, mitogen-activated protein kinase; MARCKS, myristoylated alanine-rich c-kinase substrate; mTOR, mammalian target of rapamycin; NMDA, N-methyl-D-
aspartate; p62 - SQSTMI, sequestosome-1; PD, Parkinson’s disease; PI3K, phosphoinositide 3-kinases; PKA, protein kinase A; PKCg, protein kinase C; SIGMARI, sigma non-opioid intracellular receptor 1; SNRIs, selecstive norepinephrine reuptake inhibitor; SV2A,
synaptic vesicle glycoprotein 2A; TFEB, transcription factor EB; ULK1, Unc-51 like autophagy activating kinase.
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Records 1dentified through
Pubmed searching (n=95)

] Records excluded based on evalution of
title and abstracts (n=41)

Full text articles assessed
for eligibility (n=40)

Records excluded based on the full paper
| reading (n=10)

'| 4 were irrelevant

6 were did not provide sufficient data

Study included (n=30)

y

Total number:
31 papers; 127 patients
(including our case)
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Number | Gender/ | Procedure | Risk factor | Previous Contrast | Contrast Volume | Presentation | Neuroimaging Symptom | Complete

Age angio- medium | medium class (ml) duration | resolution
(year) graphy
Andone 1 M/70 Diagnostic HT, DM No Toversol Non-ionic, 100 Headache, CT:a mild 72h Yes
etal, 2021 coronary monomer, low behavioral changes | hyper-density in the
angiography osmolar and aggressive frontal lobes;
tendencies MRI: normal
Dattani 2 M/76 Coronary HT, DM No Tohexol Non-ionic, 120 Confused and CT: normal 9 days Yes
etal, 2018 angiography monomer, aggressive,
low osmolar expressing verbal
profanities
3 M/65 Diagnostic Previous CIE, Yes Topromide Non-ionic, 110 Global aphasia, CT and MRI: 24h Yes
coronary HT, monomer, bilateral limb normal;
angiography Dyslipidaemia, low osmolar weakness
Smoking.
4 M/49 Coronary - - Topromide Non-ionic, 205 Confusion, - 12h Yes
angiography monomer, decreased GCS
low osmolar
5 M/32 Coronary ~ = Topromide | Non-ionic, 100 Cortical blindness CT: norma 24h Yes
angiography monomer,
low osmolar
6 F/39 Coronary . No Topamidol | Non- 100 Cortical blindness CT: norma 1h Yes
angiography ionic,monomer, low
osmolar
7 M/74 Coronary HT, Obse No Tomeprol Non-ionic, 320 Cortical blindness CT: normal 24h Yes
angiography + monomer,
aortogram low osmolar
8 M/73 Coronary Sleep apnea, = None N/A 240 Cortical blindness CT: normal 7h Yes
angiography + | Hypoventilation, reported
PCI Obese
9 M/53 Coronary - - Toversol Non-ionic, 100 Cortical blindness, - 12h Yes
angiography monomer, catatonia
low osmolar
10 M/45 Coronary HT No Toversol Non-ionic, 167 Cortical blindness - 24h Yes
angiography + monomer,
PCI low osmolar
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Disease

PD

AD

ALS

HD

Study

Nguyen etal. (2011)
Sinchez-Danés et al. (2012)

Seibler etal. (2011)
Miller et al. (2013)

Vera etal. (2016)

Lee etal. (2019)
Yagi etal. (2011)
Tsrael et al. (2012)

Ochalek etal. (2017)
Mertens etal. (2021)

Hu etal. (2015)

Chen etal. (2014)
Tangetal. (2017)

Liu etal. (2016)

Jeon etal. (2012)
Camnasio etal. (2012)

Liu etal. (2014a,b)

Victor etal. (2018)
Pircs et al. (2022)

Strategy
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iPSC
iPSC + progerin

iPSC+ telomerase inhibitor
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Direct reprogramming
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Direct reprogramming

Direct reprogramming
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1 TH expression
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‘Tau phosphorylation GSK-3p activation

1 immature neuronal signaling cell cycle re-entry
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aneuploid DNA contents
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neurite swelling axonal degeneration

DNA damage

| nuclear organization

soma shrinkage hypoactivity
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81 M/69 Diagnostic - Tohexol Non-ionic, 100 Confusion, CT: focal hyperdense 6h Yes
coronary monomer, low headache, vomiting, | lesions
angiography + osmolar left hemiplegia,
PCI
82 M/74 Diagnostic Tomeprol Non-ionic, 320 Cortical blindness CT: normal 24h Yes
coronary monomer, low
angiography + osmolar
aortogram
Riahi et al., 83 F/71 Coronary HT, DM Todixanol Non-ionic, dimer, 80 Aphasia, GCS score | CT: normal 24h Yes
2019 angiography iso-osmolal to7/15
Rashid et al., 84 F/76 Coronary DM, HT, N/A N/A N/A Confusion and CT and MRI: normal 16 days Yes
2022 angiography Hyperlipidemia, aggressive behavior
Coronary artery
disease
Zhanget al., 85 M/42 Coronary - Topromide | Non-ionic, 200 Severe headache, CT: normal 5 days Yes
2021 angiography monomer, cortical blindness
low osmolar and neuropsychiatric
symptom
Park et al,, 86 F/58 Cerebral HT, Todixanol Non-ionic, dimer, 220 Tonic-clonic seizure, | CT:sulcal 6 days Yes
2017 angiography Hypothyroidism, iso-osmolal left hemiparesis obliteration of right
Peripheral artery involving face,arm | cerebral hemisphere;
occlusive and leg(grade 3/5), | MRI: gyral swelling
disease, sensory loss, and and hyperintensity
Depressive left-sided neglect in the right cerebral
disorder with drowsy hemisphere
mentality
Kocabay 87 F/58 Diagnostic HT, Topromide | Non-ionic, 220 Bilateral oculomotor | N/A >30 days No
etal, 2014 coronary Hyperlipidemia monomer, ophthalmoplegia
angiography + low osmolar
PCI
88 M/68 Diagnostic HT Topromide | Non-ionic, 250 Monoplegia N/A 12h Yes
coronary monomer, low
angiography + osmolar
PCI
89 M/68 Diagnostic HT, DM Topromide Non-ionic, 180 Unilateral N/A 1h Yes
coronary monomer, low oculomotor
angiography + osmolar monoplegia

PCI
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Rouchet,

angiography

failure

monomer, low

global amnesia

90 M/70 Diagnostic HT - Iopromide | Non-ionic, 130 Cerebellar N/A 14h Yes
coronary monomer, low dysfunction
angiography + osmolar
PCI
Kahyaoglu 91 M/66 Lower - - Tohexol Non-ionic, Not Confusion and CT: normal 24h Yes
etal., 2018 extremity monomer, low reported | cortical blindness,
angiography osmolar seizure
Zhao et al., 92 F/71 Digital HT, - Topamidol Non-ionic, 110 Headache, dizziness, | CT: cerebral edema 56 days Death
2019 subtraction Hyperlipemia, monomer, low nausea and
angiography Angina osmolar vomiting, deep coma
Lietal, 93 F177 Digital HT, Coronary Yes Visipaque Non-ionic 200 Right hemiplegia, CT: hyperdensity in 6 days Yes
2021 subtraction heart disease aphasia, and epilepsy | the left subarachnoid
angiography space
Zhao etal., 94 F/50 Cerebral - - Topromide | Non-ionic, 6 Disturbance of CT: normal; 10 days Yes
2021 angiography monomer, consciousness, MRI: swelling of the
low osmolar seizures, frequent left cerebral cortex
blinking, and
stiffness
Heemelaar 95 F/67 Coronary DM, HT, - Iso-osmolar | Iso-osmolar 100 Acute-onset coma CT: bilateral cerebral 23 days Yes
etal, 2018 angiography Adenocarcinoma iodinated and respiratory edema
of the left breast contrast insufficiency
Garcia- 96 F/61 Diagnostic Migraine - Todixanol Non-ionic, dimer, 70 Confused and MRI: lesions in the 36-48 h Yes
Pérez etal, digital iso-osmolar drowsy, agitated and | cerebellar
2021 subtraction vomiting hemispheres and
angiography parieto-occipital
lobes;
97 M/22 Diagnostic Left - None N/A None Disoriented, bilateral | CT and MRI: normal 48-72h Yes
digital parietooccipital reported reported | amaurosis and
subtraction arteriovenous presented amnesia
angiography malformation
Harada 98 Bi72 Coronary HT, - Todinated None reported 210 Left hemiparesis, left | CT: mild cerebral 2 days Yes
etal, 2020 angioplasty Hyperlipidemia contrast sensory and visual edema
hemineglect, and
right gaze preference
Renault and 99 M/49 Renal artery Chronic renal - Tohexol Non-ionic, Cortical blindness, MRI: normal 6 days Yes ‘

2019

osmolar

disappeared
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Hirata etal,, 100 M/75 Coronary DM - None N/A None No neurological CT: high-density 12 days Yes
2018 angioplasty reported reported | symptoms were areas in the cortex,
observed because the | putamen, caudate
patient was nucleus and
intubated subarachnoid space
of the right cerebral
hemisphere
Yao etal., 101 M/68 Contrast- Rheumatoid - Iso-osmolar | Iso-osmolar 70 Lost consciousness CT: abnormal >17days Yes
2021 enhanced chest | arthritis iodinated and experienced cortical contrast
T contrast cardiorespiratory enhancement and
examination arrest cerebral
sulci hyperdensity
Leong and 102 F/50 Cerebral HT No Iopramide | Non-ionic, low 220 Right hemisyndrome | CT: edema in the left During No
Fanning, angiography osmolar cerebral hemisphere
2012
103 F/59 Aortic arch Renal Yes Diatrizoate | Ionic, monomer, 150 Cortical blindness; CT: bilateral 3 days Yes
angiography impairment; HT high osmolar headache, parieto-occipital
myoclonus or seizure | contrast
enhancement
104 F/53 Carotid artery | Not reported No Diatrizoate | Ionic, monomer, 60 Partial motor seizure | CT: right 24h Yes
angiography meglumine | high osmolar temporo-parietal
contrast
enhancement
105 M/70 Arch, Carotid & | None reported No Diatrizoate | Ionic, monomer, 72 Cortical blindness CT: bilateral 2 days Yes
Vertebral high osmolar Occipital
arteries hyperdensity
angiography
106 F/74 Abdominal HT, Renal No Topamidol | Non-ionic, 415 Visuospatial disorder | CT: bilateral 4 days Yes
aorta impairment monomer, low parieto-occipital
angiography osmolar hyperdensity
107 F/74 Diagnostic HT No Iohexol Non-ionic, None Complete bilateral CT: left 24h Yes
cerebral monomer, low reported | blindness; confusion | parieto-occipital
angiography osmolar hyperdensity;
MRI: left occipita
hyperdensity
108 F/45 Diagnostic HT No Tohexol Non-ionic, None Complete bilateral CT: normal; 7 days Yes
cerebral monomer, low reported | blindness; confusion | MRI: bilateral
angiography osmolar occipital

hyperdensity
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43 M/70 Diagnostic DM Topromide | Non-ionic, 120 Confusion; nausea CT: contrast 12h Yes
coronary monomer, enhancement in
angiography + low osmolar occipital lobe
PCI
44 F/76 PCI + carotid CKD, DM Todixanol Non-ionic, dimer, 200 Stupor, aphasia, CT: hyperdensity of 48 h Yes
artery stenting iso-osmolal hemiparesis cerebral sulci and
subarachnoid spaces
45 F/39 Diagnostic = Topamidol | Non-ionic, 80 Cortical blindness CT and vertebral 1h Yes
coronary monomer, angiogram: normal
angiography low osmolar
46 F/70 Diagnostic - None N/A N/A Left-sided CT: hyperdensity of 72h Yes
coronary reported hemiparesis, cerebral sulci and
angiography + conjugate gaze right frontal lobe
PCI deviation to the right
47 F/70 Diagnostic = Not Tonic 1500 Myoclonus CT: hyperdensity of <1lh Yes
coronary specified cerebral sulci
angiography +
PCI
48 F/52 Diagnostic = Tomeprol Non-ionic, 150 Cortical blindness CT: contras 5h Yes
coronary monomer, enhancement of
angiography low osmolar occipital lobes
49 F/70 Diagnostic DM, HT Tobitridol Non-ionic, 75 Cortical blindness CT: contras 72h Yes
coronary monomer, enhancement of
angiography low osmolar occipital lobes
50 M/56 Diagnostic - Topromide Non-ionic, 135 Confusion, CT: contras 24h Yes
coronary monomer, dysarthria, cortical enhancement of
angiography low osmolar blindness right occipital lobe
51 F/82 Diagnostic CKD, HT Tomeprol Non-ionic, 500 Aphasia, right-sided | CT: hyperdensities 40h Yes
coronary monomer, hemiparesis filling
angiography + low osmolar the sulci of both
PCI cerebral
hemispheres
52 M/82 Diagnostic CKD, DM, HT Topromide | Non-ionic, 150 Right-sided CT: Left hemisphere 6h Yes
coronary monomer, hemiparesis, aphasia | cerebral edema and
angiography low osmolar extravascular local
contrast media
53 M/63 Diagnostic - Topremol Non-ionic, 450 Amnesia, numbness, | CT: contrast 12h Yes
coronary monomers right upper enhancement of
angiography + extremity numbness | right occipital lobe

Aortogram
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54 F/63 Diagnostic DM, HT - Topromide | Non-ionic, 160 Cortical blindness, CT and MRI: 48h Yes
coronary monomer, right homonymous | contrast
angiography low osmolar hemianopia enhancement of
occipital lobes
55 F/52 Diagnostic HT Yes Toversol Non-ionic, 280 Cortical blindness CT: contrast 36h Yes
coronary monomer, enhancement of
angiography + low osmolar occipital lobes
PCI
56 M/55 Diagnostic . = Tomeprol Non-ionic, 280 Cortical blindness CT: contrast 5 days Yes
coronary monomer, enhancement of
angiography low osmolar occipital lobes
57 M/58 Diagnostic HT - Toglaxate Tonic, dimer, 260 Cortical blindness CT: normal 32h Yes
coronary low osmolar
angiography
58 M/64 Diagnostic - - Toglaxate Tonic, dimer, 400 Cortical blindness N/A 30h Yes
coronary low osmolar
angiography
59 M/49 Diagnostic CKD, HT - Diatrizoate | Ionic, monomer, 610 Seizures, CT: contrast 4h Yes
coronary high osmolar encephalopathy enhancement of left
angiography frontal gyri
60 M/62 Diagnostic CKD, HT - Topamidol Non-ionic, 170 Headache, CT: contrast 12h Yes
coronary monomer, confusion, cortical enhancement of
angiography + low osmolar blindness cerebellum,
PCI thalamus
61 M/62 Diagnostic HT - Topamidol Non-ionic, 270 Cortical blindness, CT: contrast 72h Yes
coronary monomer, loss of coordination | enhancement of
angiography low osmolar right arm occipital lobes
62 F/57 Diagnostic HT, Previous Yes Toglaxate Tonic, dimer, 200 Cortical blindness CT: mild attenuation 48 h Yes
coronary contrast reaction low osmolar in
angiography occipital poles
63 F/52 Diagnostic HT - Diatrizoate | Ionic, monomer, 100 Cortical blindness N/A 18h Yes
coronary high osmolar
angiography +
aortogram
Hamra et al., 64 M/62 Coronary HT - Tohexol Non-ionic, 200 Right-sided CT: contrast 48 h Yes
2017 angioplasty monomer, homonymous enhancement of the
low osmolar hemianopia venous sinuses and

cerebral arteries
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Vigano 65 F/56 Cerebral Migraine, Renal | - Tomeprol Non-ionic, 70 Global aphasiaand | CT: left cerebral 10 days Yes
etal, 2021 angiography colic, Smoking, monomer, right hemiplegia edema
Previous heroin low osmolar
abuse
66 F/74 Abdominal Renal No Diatrizoate | Ionic, monomer, 250 Cortical blindness, CT: bilateral 4-5 days Yes
aortaand renal | impairment; HT high osmolar left hemiparesis occipital and basal
artery ganglia alterations
angiography +
angioplasty
67 M/64 Carotid artery | HT No Tothalamate | Ionic, monomer, 12 Cortical blindness, CT: left temporo- 3 days N/A
and aorta meglumine | high osmolar fluent aphasia parieto-occipital
angiography alterations
68 F/71 Spinal = No Toxaglate Tonic dimer 360 Right-sided visual CT: bilateral 4 days Yes
angiography low osmolar neglect and occipital and left
Wernickes aphasia | parietal lobe
alterations
69 M/82 Carotid artery | HT Yes Toxaglate Tonic, dimer, 50 Confusion, left CT: righ 2 days Yes
angiography + low osmolar hemiparesis, neglect | frontoparietal
stenting cortica
enhancement and
edema
70 M/72 Carotid artery | - No Topamidol | Non-ionic, 260 Right hemiparesis CT: enhancement 7 days Yes
angiography + monomer, and motor aphasia hroughout the left
coiling anterior low osmolar cerebral cortex and
aneurysm eft basal ganglia,
diffuse swelling of
he left cerebral
hemisphere
71 M/80 Carotid and HT No Tohexol Non-ionic, 250 Right hemiparesis CT: left 2 days Yes
coronary monomer, frontoparietal-
angiography + low osmolar occipital cortical
stenting enhancement
i M/51 Carotid artery | HT No Topromide | Non-ionic, 300 Gerstmann’s left CT: cortical 2 days Yes
angiography + monomer, visual field deficit, enhancement and
right internal low osmolar hemiparesis, right edema in the right

carotid artery

gaze deviation

cerebral hemisphere
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73 M/69 Coronary - = Tohexol Non-ionic, 100 Stupor, CT: hyperdense 6h Yes
angiography + monomer, disorientation, left lesion in the right
PCI low osmolar hemiplegia frontoparietal
region, parietal lobe
and basal ganglia
74 F/73 Aortic Chronic kidney | Yes Todixanol Non-ionic, dimer, 248 Seizure and CT: hyperdensity of 7 days N/A
angiography + | disease; HT iso-osmolal left-sided hemiplegia | the right cortex,
thoracic aortic subarachnoid space
aneurysm and basal ganglia
repair
75 F/67 Cerebral HT Yes N/A N/A N/A Right-sided CT: cortical edema 24h N/A
angiography hemiparesis and of the left cerebral
aphasia hemisphere and
contrast medium
leakage to the
subarachnoid space
Liuetal, 76 F/84 Coronary HT, Paroxysmal | - Topromide | Non-ionic, 20 Lost consciousness, | CT: high-density 2 months Yes
2020 angiography atrial fibrillation, monomer, and exhibited left regions in the
Chronic low osmolar limb hemiplegia with | subarachnoid space
bronchitis muscle strength level
0 and eyes staring to
the right, seizure
77 F/57 Diagnostic CKD, HT, DM - Todixanol Non-ionic, dimer, 130 Tonic—clonic CT: right 72h Yes
coronary iso-osmolal seizures parenchymal edema
angiography +
PCI
78 M/6 Diagnostic HT, DM - Tohexol Non-ionic, 120 Confused, CT: normal 9 days Yes
coronary monomer, low aggressive,
angiography osmolar expressing verbal
profanities
79 M/62 Diagnostic HT = Tohexol Non-ionic, 300 Right-sided CT: slight 48h Yes
coronary monomer, low homonymous enhancement of
angiographyc + osmolar hemianopia the venous sinuses
PCI
80 M/49 Diagnostic - - Topromide | Non-ionic, 205 Confusion, decrease | CT and MRI: normal 12h Yes
coronary monomer, in level of
angiography low osmolar consciousness
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11 M/59 Coronary HT No Toversol Non-ionic, 220 Cortical blindness - 12h Yes
angiography + monomer,
PCI ow osmolar
12 M/68 Coronary HT No Toversol Non-ionic, 262 Homonymous - 15 min Yes
angiography + monomer, hemianopia
PCI ow osmolar
13 M/55 Coronary - Yes Diatrizoate | Ionic, monomer, 280 Cortical blindness CT: both occipital 24h Yes
angiography high osmolar lobes enhancement
14 M/61 Coronary - Yes Diatrizoate | Ionic, monomer, 145 Cortical blindness CT: normal 36h Yes
angiography high osmolar
15 M/44 Coronary - No Diatrizoate | Ionic, monomer, 50 Cortical blindness No brain CT 12h Yes
angiography high osmolar
Kamimura 16 F/70 Diagnostic Not reported No Topamidol | Non-ionic, 43 Confusion and CT: high-density 24h Yes
etal, 2021 erebral monomer, generalized signaling in the
angiography low osmolar tonic-clonic seizures | cortex;
MRI: high signal
intensity in temporal
lobe
17 M/71 Cerebral Not reported No Tohexol Non-ionic, 46 Cortical blindness, No brain CT 10 days N/A
angiography monomer, confusion, and
low osmolar Ophthalomoplegia
18 F/68 Cerebral Not reported No Tohexol Non-ionic, 24 Cortical blindness, No brain CT 6 days N/A
angiography monomer, confusion, and
low osmolar amnesia
19 F/71 Cerebral HT, Transient No Topromide Non-ionic, 25 Confusion, CT: edema, right 24h Yes
angiography ischemic attack monomer, disorientation, and | diffuse cortical
low osmolar hemiparesis hyperattenuation
Fernando 20 F/52 Coronary HT N/A Topromide | Non-ionic, 130 Left sided CT: cortical and 5day Yes
etal, 2020 angiography monomer, hemiparesis, subarachnoid
low osmolar disorientation, and hyper-densities
decreased GCS
Cristaldi 21 F/54 Cerebral HT, N/A Tobitridol Non-ionic, Not Severe right CT: edema, >6 months No
etal, 2021 angiography Cerebral monomer, reported | hemiparesis and abnormal
ischemia low osmolar complete aphasia subarachnoid
contrast

enhancement zone
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22 M/10 Angiocardio- Fallot’s tetralogy | Not stated Urografin Ionic, monomer, 76 Apnoea and cardiac | No CT brain During Death
graphy 76% high osmolar arrest (autopsy showed
brain edema)
23 F/7 Aortography HT No Renografin | Ionic, monomer, 340 Seizures CT: contras During Death
76% high osmolar enhancement of
cortex, basal ganglia
and thalamus
24 M/68 Bypass graft HT, DM Yes Tohexol Non-ionic, 180 Confusion, amnesia, | CT: contras During No
angiography monomer, aphasia, cortical enhancement of
low osmolar blindness occipital lobes,
temporal lobes,
thalami
25 F/73 Coronary HT No Tohexol Non-ionic, 1150 Seizures, gait CT: abnormal signal During No
angiography monomer, instability, postural | in bilateral frontal
low osmolar tremor, dysphasia and occipital
26 F/62 Cerebral None reported | No No Non-ionic 297 Confusion, cortical | CT: abnormal signal During No
angiography specified blindness in bilateral occipital,
basal ganglia, frontal
27 M/41 Cerebral None reported | Yes No Non-ionic 225 Bilateral visual loss, | CT: right parietal 3h No
angiography specified agitation abnormal signal
28 F/54 Cerebral None reported | Yes No Non-ionic 62 Cortical blindness MRI: bilateral 1 months Yes
angiography specified with only light occipital
perception
29 M/46 Cerebral None reported | Yes No Non-ionic 225 Right homonymous | CT and MRI: normal 1 months Yes
angiography specified hemianopia
30 M/47 Cerebral None reported | No No Non-ionic 384 Right homonymous | CT: normal 7 days Yes
angiography specified hemianopia
31 F/67 Coronary Angina, DM, HT | - Todixanol Non-ionic, dimer, Not Gradually GCS 3 N/A During Yes
angiography iso-osmolal reported
32 F/71 Cerebral HT, - Topamidol Non-ionic, 110 Dizziness, nausea, CT: cerebral edema 56 days Death
angiography hyperlipidemia, monomer, vomiting; then
Angina low osmolar respiratory

distress,deep coma,
GCS3
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33 F/51 Carotid artery | HT, DM, - Tohexol Non-ionic, Not Seizures, N/A During Death
angioplasty Coronary artery monomer, reported | unconsciousness
disease low osmolar
Spinaetal, 34 F/44 Diagnostic End-stage - Tohexol Non-ionic, 190 Left-sided weakness, | CT: contrast 72h Yes
2017 coronary kidney disease, monomer, seizure activity enhancement of
angiography + | HT, DM low osmolar right cerebral
PCI hemisphere
35 M/69 Diagnostic HT, DM - Not N/A N/A Aphasia, left-sided CT: contrast 12h Yes
coronary reported hemiparesis enhancement of
angiography + right cerebral
PCI hemisphere
36 F/63 Diagnostic HT, DM - Topramide Non-ionic, low 250 Cortical blindness CT: contrast 72h Yes
coronary osmolar enhancement of
angiography occipital lobes; MRI:
normal
37 F/60 Diagnostic HT = Not N/A N/A Abrupt decrease in | CT: cerebral edema 10 days Yes
coronary reported GCS score to 6/15 confined to the right
angiography cerebral hemisphere;
MRI: normal
38 F/76 Diagnostic HT, DM = Toversol Non-ionic, 125 Aphasia, cortical MRI: hyperintensity 48h Yes
coronary monomer, blindness, right sided | in
angiography low osmolar weakness frontoparietal
regions
39 F/69 Diagnostic CKD, DM, Yes Todixanol Non-ionic, dimer, 320 Partial seizure, CT: cerebral edema 24h Yes
coronary Previous iso-osmolal homonymous
angiography + | contrast reaction hemianopia,
PCI hemisensory loss,
hemiparesis
40 M/64 Diagnostic HT, DM = Topromide | Non-ionic, 160 Confusion, CT: hyperdensity of 28h Yes
coronary monomer, irritability, limb sagittal sinus
angiography + low osmolar paralysis, aphasia
PCI
41 M/68 Diagnostic HT . Topromide | Non-ionic, 250 Left lower extremity | CT: contrast 12h Yes
coronary monomer, weakness and enhancement in
angiography + low osmolar sensory loss sagittal sinus and
PCI occipital lobe
42 M/47 Diagnostic None reported = Topromide | Non-ionic, 150 Confusion, agitation, | CT: contrast 8h Yes
coronary monomer, nausea, headache enhancement in
angiography + low osmolar right occipital lobe

PCI
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Therapy (synonym) CAS Number Max. Solubility Concentration in

vitro
MEL 73314 100M (in DMSO) 0.1-03-1-3uM 3pM
DHA 6217545 3002M (in DMSO) 01-03-1-3-10pM 10pM
sA 131-48-6 304M (in DMSO) 01-03-1-3-10pM 30pM

Summary of the concentration range tested of potential therapies and their maximum solubiliy is indicated, as well as the maximum tolerated concentration (MTC) established in K
‘The maximum solvent concentration was 0.1% (v/v) DMSO.
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Diagnosis and relevant
abnormal symptoms

BDS (blepharospasm)
BDS (blepharospasm)

B-ODS (blepharospasm
combined with oromandibular
dystonia)

BDS (blepharospasm)

B-ODS (blepharospasm
combined with oromandibular
dystonia)

BDS (blepharospasm)
ODS (oromandibular dystonia)
BDS (blepharospasm)
BDS (blepharospasm)

BDS (blepharospasm)

Sex/age (years)

Female/62
Female/66

Female/60

Female/57

Male/54

Female/64
Male/43
Female/58
Female/53

Female/59

Duration of
disease (years)

Previous
treatment

Botulinum toxin
injection
Botulinum toxin
injection
Botulinum toxin
injection

None

Botulinum toxin

injection

Botulinum toxin
injection

None
None
Botulinum toxin

injection

None

Present treatment

Bilateral nerve radiofrequency ablation with 85°C
for30s

Bilateral nerve radiofrequency ablation with 70°C
for 23s

Bilateral nerve radiofrequency ablation with 65°C
for 27 s combined with mandibular branch of
bilateral trigeminal nerve radiofrequency ablation
with 95°C for 180 s

Bilateral nerve radiofrequency ablation with 65°C
for30s

Bilateral nerve radiofrequency ablation with 90°C
for 25 s combined with mandibular branch of
bilateral trigeminal nerve radiofrequency ablation
with 95°C for 180 s

Bilateral nerve radiofrequency ablation with 85°C
for20s

Mandibular branch of bilateral trigeminal nerve
radiofrequency ablation with 95°C for180 s

Bilateral nerve radiofrequency ablation with 70°C
for30s

Bilateral nerve radiofrequency ablation with 95°C
for30s

Bilateral nerve radiofrequency ablation with 80°C
for23s

BDS, blepharospasm dystonia syndrome; ODS, oromandibular dystonia syndrome; B-ODS, blepharospasm combined with oromandibular dystonia syndrome.
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Pt.  Diagnosis and relevant

abnormal symptoms

1 BDS (blepharospasm)

2 BDS (blepharospasm)

3 B-ODS (blepharospasm
combined with oromandibular
dystonia)

4 BDS (blepharospasm)

5 B-ODS (blepharospasm
combined with oromandibular
dystonia)

6 BDS (blepharospasm)

7 ODS (oromandibular dystonia)

8 BDS (blepharospasm)

9 BDS (blepharospasm)

10 BDS (blepharospasm)

Follow up time

31 months
24 months
9 months

4 months

4 months
3 months
3 months
2 months

2 months

1 months

Treatment effect
and recurrence

Recurrence at the 18th
month

Recurrence at the 22th
month

No recurrence

No recurrence

No recurrence

No recurrence

No recurrence

No recurrence

No recurrence

No recurrence

Adverse events

Facial paralysis class IT

Facial paralysis class ITI

Facial paralysis class III

Facial paralysis class II
Facial paralysis class IT

Facial paralysis class ITI

Skin numbness of
mandibular,

Facial paralysis class III,
restored to class IT

Facial paralysis class IT
Facial paralysis class ITI

Adverse events lasted

Disappeared 2 months later

Disappeared 3 months later

Disappeared 3 months later; skin
numbness of mandibular, lasted for
9 months

Disappeared 2 months later

Disappeared 3 months later; skin
numbness of mandibular; lasted to now

Disappeared 2 months later

Numbness lasted to now

Lasted to now

Lasted to now

Lasted to now

BDS, blepharospasm dystonia syndrome; ODS, oromandibular dystonia syndrome; B-ODS, blepharospasm combined with oromandibular dystonia syndrome.
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Disease

Alzheimer’s Disease
(AD)

Parkinson’s Disease
(PD)

and Parkinson’s
Disease with
Dementia (PDD)
Huntington’s
Disease (HD)

Spinocerebellar
Ataxias (SCAs)

Amyotrophic Lateral
Sclerosis (ALS)

Prevalence

~5M

~1M

~30K

~150K

~20K

Main symptoms

Cognitive impairments in
memory, language, and
behavior

Tremor, stiffness, slow
movements, autonomic
dysfunction, sleep problems,
cognitive decline

Uncontrolled movements
(chorea), neuropsychiatric

Difficulty with walking and

speech, lack of coordination

Progressive weakness and

muscle atrophy

Key brain regions
affected

Hippocampus, Basal
Forebrain, Locus

coeruleus (pons), Cortex

Substantia nigra
(midbrain), locus
coeruleus (pons), Cortex
(especially the cingulate)

Neostriatum, especia.lly
caudate (basal ganglia),
cortex

Cerebellum, brainstem,
spinal cord (dorsal)

Spinal cord (ventral),
brainstem (motor
nuclei), and frontal

cortex

Main vulnerable
neuronal subtypes

Pyramidal neurons,
Cholinergic neurons

Dopaminergic neurons

Spiny neurons

Purkinje neurons,
pontine nuclei neurons

Upper and lower motor

neurons

Pathological
hallmarks
(associated
protein)

Neurofibrillary tangles
(tau); neuritic plaques
(beta-amyloid & tau)
Lewy bodies and Lewy
neurites

(alpha-synuclein)

Intranuclear &
cytoplasmic neuronal

inclusions (Htt)

Intranuclear and
cytoplasmic neuronal
inclusions (various, e.g.,
ataxins)

TDP-43 positive
cytoplasmic neuronal
inclusions

Therapies
(symptomatic
treatments)

acetylcholinesterase
inhibitors, memantine

Levodopa, COMT
inhibitors, dopamine
agonists, deep brain
stimulation

Tetrabenazine,
neuroleptics (off-label),

antidepressants

Limited, physical therapy

Riluzole, edaravone

Regenerative
medicine
cell-based
approaches

Cholinergic neurons,
GABAergic Inhibitory
neurons

Dopaminergic neurons

Spiny neurons

Purkinje neurons

Lower motor neurons
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