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Long-range intercellular communication between Central Nervous System (CNS) cells is an essential process for preserving CNS homeostasis. Paracrine signaling, extracellular vesicles, neurotransmitters and synapses are well-known mechanisms involved. A new form of intercellular crosstalk mechanism based on Tunneling Nanotubes (TNTs), suggests a new way to understand how neural cells interact with each other in controlling CNS functions. TNTs are long intercellular bridges that allow the intercellular transfer of cargoes and signals from one cell to another contributing to the control of tissue functionality. CNS cells communicate with each other via TNTs, through which ions, organelles and other signals are exchanged. Unfortunately, almost all these results were obtained through 2D in-vitro models, and fundamental mechanisms underlying TNTs-formation still remain elusive. Consequently, many questions remain open, and TNTs role in CNS remains largely unknown. In this review, we briefly discuss the state of the art regarding TNTs identification and function. We highlight the gaps in the knowledge of TNTs and discuss what is needed to accelerate TNTs-research in CNS-physiology. To this end, it is necessary to: 1) Develop an ad-hoc TNTs-imaging and software-assisted processing tool to improve TNTs-identification and quantification, 2) Identify specific molecular pathways involved into TNTs-formation, 3) Use in-vitro 3D-CNS and animal models to investigate TNTs-role in a more physiological context pushing the limit of live-microscopy techniques. Although there are still many steps to be taken, we believe that the study of TNTs is a new and fascinating frontier that could significantly contribute to deciphering CNS physiology.
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1 INTRODUCTION
Cell-to-cell communication is essential for preserving tissue functions and homeostasis. A variety of mechanisms are involved: nearby cells can communicate with each other via connexin-formed gap junctions (GJs) and synapses, while distant cells can also do so via paracrine secreted signals and extracellular vesicles.
In 2004, Rustom and colleagues discovered a new form of long-range cell-to-cell crosstalk mechanism based on long plasma membrane bridges named tunneling nanotubes (TNTs) (Rustom et al., 2004). In vitro, TNTs have been described as non-adherent, actin-based cytoplasmic extensions that serve as long-distance membranous bridges. Rustom and others have demonstrated the presence of TNTs in various cell types, indicating that TNTs are a widespread cellular phenomenon crucial for long-distance cell-to-cell communication. TNTs allow the intercellular transfer not only of small molecules, such as ions, second messengers, and metabolic substrates, but also of macromolecules, including proteins and nucleic acids, and organelles. This results in a cell “support” network that plays a role in the control of tissue functions (reviewed in (2)). For instance, mounting evidence suggests that TNT-mediated intercellular mitochondrial transfer can protect recipient cells from bioenergetic deficit and apoptosis, which can be caused by pathological factors (Pisani et al., 2022).
TNTs have been observed in various cell types of the Central Nervous System (CNS) (Khattar et al., 2022), including neurons, glial cells, pericytes, and brain endothelial cells as listed in Table 1. Data suggest that TNTs could play important roles in the maintenance of neuronal networks. In this regard it has been demonstrated that TNTs contribute to the transmission of electrical signals, to the regulation of immune responses in the CNS and could play a role during brain development (Wang et al., 2010; Wang et al., 2012; Wang and Gerdes, 2012; Zurzolo, 2021; Cordero Cervantes et al., 2023). Furthermore, we have recently shown that TNTs-based crosstalk occurs between human blood-brain barrier cells (Pisani et al., 2022). In pathological conditions affecting the CNS, such as Alzheimer’s and Parkinson’s diseases, TNTs may also play a role in the spread of pathological proteins (Abounit et al., 2016; Tardivel et al., 2016; Rostami et al., 2017; Dilna et al., 2021).
TABLE 1 | TNTs, in cell types of Central Nervous System.
[image: Table 1]Despite the many data published on this new form of intercellular communication mechanism between neural cells, the role of TNTs in the CNS remains largely unclear. Further investigation and new tools are required to accelerate our understanding of TNTs’ role in the CNS.
In this review, we briefly discuss the state of the art regarding the identification and function of TNTs. We highlight the gaps in our knowledge of TNTs and, more importantly, what is needed, in our opinion, to accelerate the study of TNT-mediated intercellular crosstalk in the CNS (Figure 1).
[image: Figure 1]FIGURE 1 | Ideal workflow and imaging techniques to deciphering tunneling nanotubes mediated crosstalk between central nervous system cells. (A) To make progress in understanding the triggering factors and functions of TNTs in the central nervous system, we require an integrated system including: 1) specific in vitro and in vivo models, 2) super-resolution live microscopy and, 3) software-assisted data analysis. In vitro and in vivo models are valuable for investigating the intercellular transfer of cargoes such as ions, RNAs, proteins, and organelles. High-resolution live-cell confocal microscopy techniques, including spinning disk and structured illumination super-resolution microscopy, are used to analyze these models. The data produced by 3D reconstruction are then analyzed using artificial intelligence (AI) approaches to obtain unbiased TNT quantification. For in vitro data, the AI-based software must be capable of discriminating TNT as F-actin positive, straight structures detached from the substrate that are capable of transferring cargo from one cell to another. With the use of these tools, we can quickly and objectively test candidate stimuli that trigger or destroy TNTs. Ultimately, this approach could speed up the identification of specific molecular pathways involved in TNT formation and the functions of TNTs in the CNS. (B) Sample type and imaging techniques for efficient TNTs analysis in fixed and live samples.
2 DISCUSSION
2.1 TNTs-identification and quantification
2.1.1 We need a rapid, automatic and operator-independent method
TNTs are described as (I) thin (20–700 nm) and straight membranous protrusions hovering over the substrate and directly connecting two (or more) cells of either the same (homotypic) or different (heterotypic) types. They (II) contain F-actin cytoskeletal filaments and (III) are able to transfer cargo from one cell to another (Cordero Cervantes and Zurzolo, 2021).
Although some authors have reported the identification of potential TNTs markers (Jung et al., 2017), no specific markers exclusive to TNTs have been discovered to date. For this reason, morpho-functional analysis continues to be the primary standard for TNT identification and quantification.
Currently, high-resolution confocal microscopy followed by 3D-reconstruction and Z-stacks analysis, live-cell fluorescence microscopy, and analysis of intercellular transfer of cellular cargoes are the main approaches used to identify and quantify TNTs (as detailed in Table 1). These approaches are time-consuming and dependent on the researcher’s expertise and interpretation. Furthermore, fixed-cell or fixed-tissue based approaches are affected by fixation procedures that tend to break TNTs.
An automatic or semi-automatic TNT identification and quantification method is mandatory to boost TNT studies. To this aim, a method aimed at developing automated detection of TNTs using Z-stacks confocal images was reported in a paper published in 2006 (Hodneland et al., 2006). More recently, a machine learning approach potentially useful for TNT quantification was developed by Smirnov and colleagues to study the dynamics of dendritic spines using live-cell microscopy data (Smirnov et al., 2018). A deep-learning artificial intelligence (AI) approach was first proposed by Ceran and colleagues for TNT analysis (Ceran et al., 2022). All these methods were able to identify only 50%–60% of human expert-identified TNTs.
For these reasons, to date, manual TNT counting based on trained investigators based on fixed and live-cell microscopy analysis remains the gold-standard method. This strongly slows the study of TNTs.
Furthermore, only phase-contrast images or plasma membrane fluorescent dyes of single-cell type culture, were used as input data in these methods. No F-actin staining, cargo tracking analysis, or intercellular transfer of cellular cargoes were investigated. Since these are three TNT-related properties that distinguish TNTs from other cell protrusions, whether these approaches are really able to automatically quantify TNTs remains elusive. We believe that taking these additional elements into account could contribute to significantly increase and improve the automatic quantification of TNTs. To achieve this objective, cell culture experiments should be conducted using co-cultures of donor and receiving cells, and the analysis should be performed using live-cell time-lapse confocal microscopy in 4D mode (xyz-t). Tracking analysis, utilizing dedicated software like TrackMate, a plugin of the free software Fiji, can assist in describing the trajectory of cargo in the xyz dimensions over time. The main challenge lies in implementing these analyses within the software design of AI-based approaches. We hope in fact that recent progress in AI-based methods will help us in this hard work. This point is crucial to accelerate the identification of molecules and stimuli that can affect or enhance the formation of TNTs, accelerating, for instance, the decoding of molecular pathways involved in TNT formation and the identification of TNT functions.
3 HOW CELLS GENERATE TNTS IS UNCLEAR
3.1 We need more molecular insights to design more TNTs-specific experiments
The formation of TNTs is thought to occur via two main mechanisms: 1) cell dislodgement, in which two cells that were initially attached to one another separate, leaving a membrane thread that develops into an actin-supported TNT, and 2) actin-driven, in which a cell forms a precursor protrusion through actin assembly that subsequently fuses with a recipient cell, forming a TNT. However, it is possible that there are other mechanisms involved in the formation of TNTs that have yet to be discovered. There are still many questions that remain unanswered in order to fully understand this process. For example, what are the actin regulators orchestrating the formation of TNTs? Do TNTs mature from a filopodia-like precursor, or is the actin-driven mechanism of TNT formation a de novo process? Nina Ljubojevic et al. in Ljubojevic et al. (2021).
According to imaging studies on cultured cells, TNTs can initially form from thin, actin-driven protrusions that resemble fingers (filopodia) or from a direct contact between cell bodies. The resulting TNTs maintain an intercellular distance that can be up to five hundred times greater than the TNT’s thickness (hundreds of nanometers) while suspended between the cells.
A highly contentious issue is whether a TNT is open-ended or close-ended in vivo as well as how short and dynamic filopodia transform into long and stable TNTs, and what causes the filopodia to change into TNTs. One of the newest hypotheses for the formation of TNTs, especially the close-ended type, was recently reported by Minhyeok Chan and colleagues. In this paper, the authors found that TNTs develop from a double filopodial intercellular bridge (DFB) between distant cells. The author shows that DFB results from the dimerization of N-cadherin extracellular domains from two different filopodia of distant cells and that this bridge evolves into a closed-ended TNT. The transition from a DFB to a close-ended TNT appears to be triggered by mechanical energy accumulated in a twisted DFB. Myosin V and/or myosin II seem to play a functional role in this twisting mechanism. A specific biophysical mechanism of action was proposed, and the elastic properties of TNTs and DFB were experimentally measured (Chang et al., 2022). This intriguing paper highlights the synergistic role of F-actin/N-cadherin and myosin in TNT formation. Most recently, was found that F-actin and cadherin connection control the tensile strength and flexural strength of TNTs, respectively (Li et al., 2022). It is important to note that, before these papers, the presence of N-cadherin and Myosin 10 in TNT structures was found in neuronal TNTs through a correlative cryo-electron microscopy (EM) approach by Zurzolo’s group (Sartori-Rupp et al., 2019).
Despite the conclusions proposed by Minhyeok Chan and colleagues about TNT formation being extremely intriguing, it is important to note that HEK and HeLa cells were used to produce wet data and conclusions cannot be automatically extended to CNS cells.
Several molecular players have been shown to positively or negatively regulate TNT formation, as reviewed by Ranabir Chakraborty et al. (Chakraborty et al., 2023a). However, the exact molecular pathways involved in TNT formation between neural cells remain largely unclear (as detailed only for astrocytes in Table 1). As a result, there are currently no molecular targets that can be used to design TNT-specific interfering experiments aimed at selectively destroying TNTs while preserving other cell protrusions. This greatly hinders the identification of TNT’s functions.
The only way to interfere with TNT formation currently is through the use of F-actin depolymerizing drugs such as Cytochalasin-D, Latrunculin B and Jasplakinolide. However, this treatment affects other F-actin dependent mechanisms in addition to TNT formation. Another possible approach is the use of not-in-touch coculture, which involves the use of the Transwell® system. Depending on the size-porosity of the separating membrane, not only TNTs but also other long-range intercellular trafficking mechanisms can be prevented. However, the literature is controversial and not aligned on the size-porosity required to exclusively exclude TNT-mediated intercellular trafficking.
Similarly, there is currently no possibility to specifically stimulate TNT formation. Cell stress conditions such as exposure to UV radiation (Hajek et al., 1989), oxidative stress (Wang et al., 2011), hypoxia (Desir et al., 2016; Yang et al., 2020), and other cell stressors upregulate TNT formation, but, under these conditions, mechanisms other than the formation of TNT are also induced.
In summary, the lack of specific knowledge about the molecules and pathways involved in TNT formation in neural cells, as well as the absence of TNT-specific triggering and destroying factors, are areas that need improvement to design more specific experiments aimed at isolating the specific contribute of TNTs useful at identifying TNT’s functions.
4 DYNAMIC AND STRUCTURAL ORGANIZATION OF TNTS IN CNS-CELLS: FROM 2D-MODELS TO IN-VIVO BRAIN IMAGING
4.1 Microscopic challenges emerge
TNT-like connections have been found in human fetal brain sections between pericytes and between pericytes and endothelial cells, suggesting that these elements may play a role in the initial stages of brain vascularization (Errede et al., 2018). Fixed and live-cell experiments have shown that astrocytes, oligodendrocytes, and neurons can all form TNTs in both physiological and pathological conditions (as reviewed by Khattar and colleagues (Khattar et al., 2022)). Additionally, in recent research, we have shown that TNTs occur between human blood-brain barrier cells (Pisani et al., 2022). While these studies have demonstrated different TNT-mediated transport of cellular cargoes and stimuli in both physiological and pathological 2D in vitro models, conclusions regarding TNT functions remain confined to the in vitro model used, and whether TNTs exist in multicellular 3D-CNS models and in CNS in general remains unclear.
However, the use of 3D-CNS models such as human mini-brains and murine models generated through induced human pluripotent stem cell (iPSC) technology and cell-specific differentiation could strongly contribute to filling this gap. These models recapitulate in vivo tissue architecture more effectively than neural 2D-cultures [as reviewed in (Hou and Kuo, 2022; Kofman et al., 2022; Wang et al., 2023)] and could help investigate TNT functions in CNS physiology (as detailed in Table 1). Although the use of 3D models is largely accessible for many laboratories, whether TNTs exist in these models remains unknown.
A recent technical advance in microscopy could revolutionize TNT analysis in the 3D models and in CNS slices. Zurzolo’s group recently analyzed the transient external granular layer of the developing cerebellum through high-resolution, serial-sectioning, scanning electron microscopy supported by 3D-reconstruction and deep-learning approaches. This innovative approach has revealed unprecedented details about the spatial-temporal connectivity between neural cells (Cordero Cervantes et al., 2023) and could represent a new frontier for TNT identification in CNS sections. More specifically, this study highlights the potential of a newly developed software designed for tracing cell-to-cell connections in 3D samples. The software utilized for this purpose is CellWalker, which is accessible at (https://github.com/utraf-pasteur-institute/CellWalker). CellWalker streamlines the processing of segmented microscopy images, thereby simplifying the identification of intercellular bridges within 3D images. This could significantly aid in the identification of TNT-like structures in CNS sections.
The step forward towards demonstrating the existence of TNTs in the living CNS was published by Alarcon-Martinez and colleagues in two recent, elegant in vivo studies. For the first time, the authors showed that TNTs exist in the mouse retina. Specifically, they demonstrated that inter-pericyte TNTs-mediated (IP-TNTs) intercellular Ca2+ waves control neurovascular coupling in the retina in physiological conditions, and that this mechanism is altered in glaucoma (Alarcon-Martinez et al., 2020; Alarcon-Martinez et al., 2022).
In these papers, non-invasive live retinal imaging using two-photon laser-scanning microscopy was used to investigate IP-TNTs function in vivo. The authors found that IP-TNTs had an open-ended proximal side and a closed-ended terminal (end-foot) that joined with distal pericyte processes via gap junctions. They also discovered that IP-TNTs transport organelles such as mitochondria, which can move along these processes, and act as a conduit for intercellular Ca2+ waves, mediating communication between pericytes. These data represent the first and only available data about TNTs in the living retina.
However, the question remains: do TNTs also exist in the living brain? To investigate this possibility, specific tools and animal models are required. One useful tool is based on the expression of cell-type-specific fluorescent proteins, ion trackers, and organelle-specific fluorescent proteins in a CNS-cell type-specific manner. For example, mice that express red fluorescent protein (Ds-RED) under the control of the NG2 promoter (Cspg4) can help identify NG2-positive pericytes in the central nervous system. Another tool is the expression of the genetically encoded Ca2+ indicator GCaMP6 under the NG2 promoter, which enables the tracing of calcium dynamics in NG2-positive pericytes. Animal models that express a mitochondrial-specific version of Dendra2 in a cell-specific manner can also be used. These tools are commercially available from The Jackson Laboratory and were used in previous studies (Alarcon-Martinez et al., 2020; Alarcon-Martinez et al., 2022). However, it should be noted that these animal models do not allow for the unequivocal distinction of cell types expressing the proteins of interest. Furthermore, it would be useful to have various fluorescent cargoes available, in order to discriminate cargo-specific differences in the TNTs-mediated intercellular transfer. This represents a significant obstacle for the in vivo study of TNTs.
What is the main limiting factor for investigating TNTs using in vivo approaches when animal models are available? The real limit is represented by the microscopic approaches needed to correctly describe the dynamics and structure of TNTs in the living CNS, especially in the living brain. The reason for this technical limit is intrinsic to the structure and dynamics of TNTs, which pose different microscopic challenges for visualizing their dynamics at a nanometric resolution in the brain.
TNTs are thin (20–700 nm) and highly dynamic structures. In just a few minutes, they can assemble, transport an organelle (hundreds of nanometers), or a molecule (sub-nanometers), and transfer these objects to another distant cell. How can we describe this rapid process with high spatial-temporal resolution while preserving cells from phototoxicity? Notably, phototoxicity is particularly crucial for TNT analysis, as it could induce TNT formation. This represents the main point that must be addressed in live-cell microscopy approaches useful for investigating TNTs in 2D and 3D models and in vivo.
The major approaches used in the literature for live-cell TNT analysis in 2D models are based on spinning-disk microscopy (SDM) approaches. This approach is widely used to describe neural complexity and functionality while preserving neurons from phototoxicity (Manzella-Lapeira et al., 2021).
Another opportunity comes from the use of holotomography (3D holographic) microscopy (HM), which is a label-free live-cell imaging approach recently reported for TNT investigation by Hans Zoellner and colleagues (Zoellner et al., 2020).
More recently, three-dimensional multi-color live-cell super-resolution imaging at high speed was achieved through the Structured Illumination Microscopy (SIM) approach. In SIM, the sample is illuminated with patterned light to minimize photon dose. After image acquisition, dedicated software analyzes the information, obtaining a reconstruction with a resolution about 2-fold higher than the diffraction limit. The spatial resolution of commercially available SIM microscopes is similar to other super-resolution microscopy techniques (e.g., STED and STORM), but the temporal resolution of SIM is better. In addition, SIM requires lower light intensity for imaging compared to STED and STORM, strongly preserving cell integrity and reducing phototoxicity more that SDM (reviewed in (Badawi and Nishimune, 2020). Furthermore, SIM can also be used for thicker sections, such as organotypic brain slice cultures (Olenick et al., 1988) and, recently, was further improved using a rationalized deep learning approach pushing the super-resolution limit of the technique in live-imaging of subcellular processes (Qiao et al., 2023). Consequently, SIM appears to be more appropriate for investigating the high dynamicity of TNTs at a nanometric resolution. Considering the various microscopy approaches currently employed, it is evident that much remains to be done to achieve an effective analysis of TNTs in vivo.
5 CONCLUSION
Upon reviewing the current literature on TNTs-based intercellular crosstalk, it seems that AI approaches, 3D in-vitro and animal models, and microscopic techniques currently available, could be useful in deciphering TNT’s structure, functions, and dynamics (Figure 1). In particular, super-resolution microscopy such as SIM, which is useful for analyzing live cells at nanometric resolution, could represent a great opportunity towards this aim.
Given the range of possibilities currently available, we believe that the question of whether TNTs are present in the brain could be successfully addressed in the near future. This breakthrough could represent a new frontier in neuroscience, providing valuable insight into intercellular connectivity in the brain.
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