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Abstract


Axonal varicosities or swellings are enlarged structures along axon shafts and profoundly affect action potential propagation and synaptic transmission. These structures, which are defined by morphology, are highly heterogeneous and often investigated concerning their roles in neuropathology, but why they are present in the normal brain remains unknown. Combining confocal microscopy and cryo-electron tomography (Cryo-ET) with in vivo and in vitro systems, we report that non-uniform mechanical interactions with the microenvironment can lead to 10-fold diameter differences within an axon of the central nervous system (CNS). In the brains of adult Thy1-YFP transgenic mice, individual axons in the cortex displayed significantly higher diameter variation than those in the corpus callosum. When being cultured on lacey carbon film-coated electron microscopy (EM) grids, CNS axons formed varicosities exclusively in holes and without microtubule (MT) breakage, and they contained mitochondria, multivesicular bodies (MVBs), and/or vesicles, similar to the axonal varicosities induced by mild fluid puffing. Moreover, enlarged axon branch points often contain MT free ends leading to the minor branch. When the axons were fasciculated by mimicking in vivo axonal bundles, their varicosity levels reduced. Taken together, our results have revealed the extrinsic regulation of the three-dimensional ultrastructures of central axons by the mechanical microenvironment under physiological conditions.
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1. Introduction


Axon shafts mediate the action potential propagation as well as long-distance transport of various axonal proteins, RNAs, lipids, and organelles, including components of presynaptic apparatuses that are critical for synaptic transmission. The constant diameter along an axon is believed to be crucial to the unidirectional, reliable, and faithful conduction of action potentials [1,2]. Axonal varicosities are enlarged, heterogeneous oblong-shaped structures linked by narrow intervaricosity shafts. They represent a key pathological feature thought to develop via the slow accumulation of axonal damage that occurs during irreversible degeneration, for example in mild traumatic brain injury (mTBI), Alzheimer’s and Parkinson’s diseases, and multiple sclerosis [2,3,4,5,6]. We recently discovered that mechanical stress rapidly and reversibly induced varicosities in the unmyelinated axons of the CNS neurons cultured on glass coverslips, and we further visualized varicosity induction in mouse models of mTBI [7,8]. Our results suggest that microtubule (MT)-associated protein 6 (MAP6, also called stable tubule-only polypeptide) regulates axonal varicosity formation via linking aberrant Ca2+ influx through mechanosensitive ion channels to MT depolymerization [7]. Overall, the formation and regulation of axonal varicosities are often investigated in the context of neuropathology [2]. In sharp contrast, the mechanisms underlying axonal varicosity formation in the normal brain remain unknown.



Axonal varicosities are indeed present in the normal brain, although their levels are much lower than those in injured or diseased brains [7,8]. They were found in the unmyelinated axons of the normal brain via three-dimensional (3D) serial electron microscopy (EM) analyses [9,10]. In the hippocampus, most of these axonal varicosities are presynaptic boutons [10]. More recently, using serial block face scanning EM to carry out the 3D reconstruction of axons and myelin, a study showed diameter variation in individual myelinated axons in the optic nerve of rats and in typical white matter [11]. These changes in axon diameter can directly influence the propagation of action potentials. Given the functional significance, it is important to unravel the key factors regulating diameter variation under normal conditions, especially varicosity formation along the axons in the CNS.



Recent studies using various types of super-resolution microscopy have revealed that axons are lined with a periodic scaffold of actin rings that are spaced every 190 nm by spectrins [12,13]. This type of axonal periodic scaffold is present in all of the neuronal types and organisms that have been examined so far as well as in both myelinated and unmyelinated axons [14,15,16]. Altering the activity of axonal non-muscle myosin II can result in changes in the axon diameter of approximately ±30%, indicating the dynamic nature of actin rings [17]. Furthermore, after mechanical unroofing (the removal of the dorsal part of cultured neurons and their axons by ultrasonic pulses), platinum-replica EM (PREM) was used to show the axonal periodic scaffold [18]. However, regular PREM and transmission EM (TEM) failed to reveal or preserve the periodic scaffold of actin rings [13]. Using Cryo-ET, recent studies have also failed to observe the periodic scaffold of actin rings from cultured neurons [19,20]. In Cryo-ET, neurons are vitrified in liquid ethane ultrafast and are analyzed under the microscope at the temperature of liquid nitrogen, eliminating potential artifacts by fixation and organic solvent usage during dehydration and resin embedding. Cryo-ET is becoming a powerful tool to study the ultrastructures of various parts of neurons under normal and abnormal conditions [19,21,22,23,24,25]. Nonetheless, the relationship between the periodic scaffold of actin rings in axons and in axonal varicosities induced by mechanical stress remains unknown.



In the present study, by combining confocal microscopy and Cryo-ET with in vivo and in vitro systems, we found that the formation of axonal varicosities under normal physiological conditions can be regulated by mechanical interactions with the microenvironment. We initially planned to use fluid puffing to induce axonal varicosities in neurons cultured on top of EM grids followed by Cryo-ET analysis, but we unexpectedly found that a substantial amount of axonal varicosities had already formed on the lacey carbon film of the EM grids without fluid puffing. The neurons cultured on the EM grids appeared to be healthy, with normal development. These axonal varicosities likely mimic those observed in the normal brain, whereas the lacey carbon film resembles the non-uniform mechanical microenvironment in the CNS in vivo. Thus, using Cryo-ET in the present study, we focused on the ultrastructure of these axonal varicosities and other enlargements developed on non-uniform surfaces.




2. Materials and Methods


2.1. Thy1-YFP Transgenic Mice and Brain Tissue Fixation and Sectioning


The Thy1-YFP-H transgenic mouse line was originally purchased from the Jackson Laboratory (Stock # 003782) and has since been maintained in the animal facility at the Ohio State University. The animal protocol (#: 2008A0176-R4) used in the present study was approved by the Ohio State University Institutional Animal Care and Use Committee (IACUC) and conformed to the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals. We have described the procedures of cardiac perfusion, fixation, sectioning, staining, and imaging in detail in our previously published papers [26,27,28,29,30,31]. In brief, three male and three female mice (3–5 months old) were anesthetized with Ethasol (Virbac; 100 mg/kg) and were transcardially perfused with 20 mL of PBS followed by 20 mL of a 4% formaldehyde/PBS solution. Then, mouse brains were removed, post-fixed for 1 h in 4% formaldehyde/PBS solution, cut into 3 mm blocks using an acrylic brain matrix (Braintree Scientific, Braintree, MA, USA), and cryoprotected in a 30% sucrose/PBS solution for 1–3 days. Brain blocks were embedded in optimal cutting temperature (OCT) media (Sakura Finetek USA, Inc., Torrance, CA, USA) and were stored at −80 °C until sectioning. We used a Microm HM550 cryostat (Thermo Scientific, Waltham, MA, USA) to cut brain blocks into 40-μm-thick slides that were then collected on Superfrost Plus microscope slides (FisherScientific, Pittsburgh, PA, USA) for storage at −20 °C, which was maintained using a Microm HM550 cryostat (Thermo Scientific, Waltham, MA, USA). After immunostaining, we mounted the sections with glass coverslips using tris-buffered Fluoro-Gel mounting media (Electron Microscopy Sciences, Hatfield, PA, USA).




2.2. Confocal Imaging, 3D Reconstitution and Quantification of Axon Diameter


Fluorescence confocal microscopy and image stack capturing were carried out as described in previous publications from our laboratory [27,29,30,32]. In the present study, we used an Andor Revolution WD spinning disk confocal system (Oxford Instruments, Abingdon-on-Thames, UK) based on a Nikon TiE inverted microscope (60× CFI Plan Apo VC water immersion objective and numerical aperture at 1.40). We captured Z-stack images (8-bit TIFF files) at ~0.10 µm steps for the corpus callosum (Bregma between −1.82 and −2.30 mm) and cortical layer VI (Bregma between +1.98 and +1.78 mm). Image stacks were analyzed with NIH ImageJ. Axon diameters were measured on the Z-projection after Dynamic Reslice. The diameter values from the thickest and thinnest portions in the same axonal segment were compared and plotted.




2.3. Hippocampal Neuron Culture on Cover Glasses, Immunostaining and Imaging


We prepared the primary culture of mouse hippocampal neurons from mouse pups at postnatal days 0–1 (P0–P1) using the same procedure as previously described [33,34]. We used rat tail collagen and poly-D-Lysine to coat glass coverslips. In brief, at 2 days in vitro (DIV), we added 1 μM of cytosine arabinose (Sigma-Aldrich, St. Louis, MO, USA) to neuronal culture media to inhibit glial growth and then replaced the media with normal neuronal culture media two days later, at 4 DIV. For transient transfection, we incubated cultured neurons at 5–7 DIV in Opti-MEM containing 0.8 μg of cDNA plasmid and 1.5 μL of Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA) for 20–30 min at 37 °C.




2.4. Hippocampal and Cortical Neuron Culture on EM Grids and Vitrification


Gold EM grids (200 mesh; with ~97 μm grid hole size) with lacey carbon film (Cat. #: 01882G; Ted Pella INC, Redding, CA, USA) were coated in the same way as the coverslips described in the prior section. The size of most of the holes in the lacey carbon film was between 0.25 and 10 μm. Hippocampal or cortical mouse neurons were cultured on these gold-coated EM grids. At 10–12 DIV, neurons growing on the grids were washed with PBS. Extra liquid was carefully blotted away from the sides of the EM grids where neurons were not adhered using a piece of filter paper. The grids were immediately flash frozen using a homemade manual Cryo-plunger. The frozen grids were transferred and stored at the temperature of liquid nitrogen in a storage tank.




2.5. Cryo-Electron Tomography (Cryo-ET)


The frozen grids were screened using Thermo Scientific™ Glacios™ Cryo-TEM. Grids with suitable ice thickness and an adequate density of neurons were transferred to a Thermo Scientific™ Titan Krios™ for Cryo-ET data collection. The Titan Krios was equipped with an AMETEK Gatan’s K3™ direct detector and AMETEK Gatan™ energy filter. Cryo-ET data were collected at 300 kV, with a pixel size of 0.39 nm/pixel at a magnification of 19,500×. The tilting range was from −60 degrees to 60 degrees. Data were collected at 3- or 4-degree intervals. A dose-symmetric tilt scheme was applied as previously described [35]. The total dose for one data set was 80–100 electrons per square angstrom.




2.6. 3D Reconstruction and Segmentation


The tomography data were processed using IMOD software as previously described [36]. The reconstructed 3D structures were segmented and visualized using Thermo Scientific™ Avizo software. Cell membranes, mitochondria, endoplasmic reticulum, and irregular vesicles were manually segmented by selecting areas containing corresponding structures using segmentation tools in Thermo Scientific™ Avizo software to generate a smooth surface view after segmentation. Microtubules and round vesicles were manually segmented using the filament function in Thermo Scientific™ Avizo software.




2.7. Puffing-Induced Axonal Varicosity Formation and Live-Cell Imaging


We used our fluid puffing system and live-cell imaging as described in our previous papers [7,37,38]. To provide local fluid puffing, we connected the glass pipette (tip diameter ~50 μm) to a syringe via tubing filled with 20 mL of Hank’s buffer and elevated the syringe 190 mm above the tip of the pipette. We positioned the pipette tip 0.4 mm (vertical distance) above the cultured neurons. We defined an axonal varicosity as when a diameter was ≥300% than the diameter of its adjacent axonal shafts. The varicosity onset time was defined as the time for an axonal segment to reach 10 varicosities per 100 μm of length during puffing. Of note, under normal conditions without puffing, the axon diameters were not perfectly uniform in the presence of a low number of varicosities. Thus, the baseline of varicosity density along the axons in culture is not absolute zero.





3. Results


3.1. Diameter Variation of Individual Axons Correlates with the Complexity of Microenvironment


To determine diameter variation or varicosity abundance in axons in the white and gray matter of the brain under normal conditions, we performed confocal microscopy in the corpus callosum and somatosensory cortex of adult Thy1-YFP transgenic mice. Confocal image stacks captured with a 60× lens were reconstituted to be 3D in order to accurately measure the diameters along individual YFP-positive (YFP+) axons. Bundles of myelinated axons give rise to a relatively light appearance of some brain regions, the so-called white matter, including in the corpus callosum. Our results showed significant diameter variation (Dmax/Dmin: 1.0–3.0; n = 100) along individual YFP+ axons (Figure 1A). Along a single continuous segment of a YFP+ axon, we measured the largest diameter (Dmax) and smallest diameter (Dmin) to obtain the ratio of Dmax/Dmin to reflect diameter variation. Thus, even in the highly compacted axonal bundles in the corpus callosum, typical white matter in the brain, the diameters along individual axons are not perfectly uniform. Next, we examined YFP+ axons in the cortex, typical gray matter in the brain. The range of diameter variation along individual YFP+ axons in the cortex (Dmax/Dmin: 1.3–13.1; n = 99) was remarkably larger than in the corpus callosum (Figure 1B). Among approximately 200 axonal segments from the two brain regions, the Dmax and Dmin values correlated well in the corpus callosum (R2 = 0.69), whereas such correlation was poor in the cortex (R2 = 0.02) (Figure 1A,B lower panels). In the cortex, there were many more thin axons with varicosities, and most of these varicosities presumably represented presynaptic boutons (Figure 1A,B), as previously revealed in the hippocampus [10]. Taken together, our results suggest that gray matter axons may display more diameter variation than white matter ones. In the normal brain, the microenvironment is much more complicated in gray matter than white matter. For instance, gray matter contains neuronal cell bodies, dendrites, and axons as well as a host of other cell types. In contrast, white matter contains axons but not neuronal cell bodies and dendrites. Thus, our results raised previously unknown questions as to whether and how microenvironment complexity regulates diameter variation in individual axons.



To determine potential intrinsic and extrinsic factors that regulate diameter variation in individual CNS axons, we used primary cultures of hippocampal and cortical mouse neurons combined with Cryo-ET. Rodent primary neuron culture represents the most popular model for cell biological studies of neurons [39,40,41,42]. Hippocampal or cortical neurons from mouse pups (0–1 postnatal days) were differentiated on coated glass coverslips or on the plastic bottom of a cell culture dish as described previously [7,28,33]. At 1 DIV, the neurons demonstrated a few processes; at 3 DIV, one of the processes became significantly longer than the other axons; at 7 DIV, both the axons and dendrites were further elongated; at 14 DIV, the axons and dendrites formed complicated networks, and the synapses started to form (Figure 1C). To visualize the 3D ultrastructure of the axons from these cultured neurons, we cultured them on gold-coated EM grids (Figure 1D). These grids had a thin lacey carbon film layer with holes (0.25–10 μm diameter) to support the disassociated neurons (Figure 1E). On top of the lacey carbon film that was coated with extracellular matrix protein collagen and poly-D-lysine, neurons were still able to differentiate and grow long processes, both axons and dendrites, similar to on the coverslips (Figure 1F). Low-magnification Cryo-EM images showed that whereas electrons cannot pass through thick cellular structures, including neuronal soma and dendrites, there were still many areas with thin and isolated axons that could be resolved in Cryo-ET (Figure 1G). Therefore, our analysis focused on isolated axons with diameters ≤2 μm.



To determine whether the ultrastructures of the axons growing on the flat surface or on the lacey carbon film were similar, we performed TEM imaging of the neurons cultured on coated plastic bottoms of 24-well plates and Cryo-EM imaging of the neurons cultured on coated EM grids with a lacey carbon film. Our TEM images showed that although not perfectly uniform, the axons growing on the flat plastic surface had rather consistent diameters (Figure 1H left). In sharp contrast, the Cryo-EM images showed axons growing on the lacey carbon film developed numerous varicosities that were exclusively located within the holes (Figure 1H right). Therefore, even without external fluid mechanical stress, axonal varicosities were effectively induced on the non-uniform supporting surface.




3.2. Ultrastructures of Axonal Varicosities Induced by Non-Uniform Extracellular Support


To visualize the ultrastructures of axonal varicosities from the CNS neurons cultured on coated lacey carbon films, we performed Cryo-ET on approximately 40 axonal varicosities of various sizes. All of these varicosities were located in the holes of the lacey carbon film and contained at least 1 MT filament. We categorized them into several groups based on their contents. The first type of axonal varicosities contained mitochondria as well as a number of tiny vesicles (diameters ~ 50 nm) and eight MTs with different bending features (Figure 2A–C and Supplementary Videos S1 and S2). This type of axonal varicosity with mitochondria appeared to be the most abundant one. The second type was varicosities containing one large multivesicular body (MVB), a single membrane enveloping many tiny vesicles (Figure 2D,E). This particular varicosity also contained five MTs and many tiny vesicles (diameter 50–100 nm) (Figure 2D,E and Supplementary Videos S3 and S4).



To quantify the effect of the lacey carbon film on diameter variation in cultured axons, we used Cryo-EM images and measured the largest diameter of a varicosity (Dvarico) in a hole of a carbon film and the smallest diameter along the nearby axonal shaft (Dshaft) on top of the carbon fiber. Among the over 100 axonal segments that we examined, the Dvarico-Dshaft correlation was fair (R2 = 0.22; n = 191), and the Dvarico/Dshaft ratios were between 1.7 and 17.4 (Figure 2F), similar to the large range of Dmax/Dmin in the cortex (Figure 1B). Thus, lacey carbon film can be used to mimic the non-uniform microenvironment in gray matter in the brain in terms of promoting diameter variation in individual axons.



To determine whether any MT disruption occurred in the axonal varicosities on the lacey carbon film, we carefully examined the MTs in both the varicosities and their nearby intervaricosity shafts. We did not observe even a single varicosity with increased or decreased MT numbers compared to the nearby shafts. All of the varicosities contained the exact same number of MTs as their nearby shafts. We did not observe a single MT free end from these axonal varicosities (Figure 2A–E). This is markedly different from the axonal varicosities, which showed MT disruption induced by fluid mechanical stress, injuries, or diseases [2,7]. Thus, these axonal varicosities that formed on the lacey carbon film mimic those formed in the normal brain and may be reversible. Interestingly, the numbers of MTs in axonal shafts actually correlated with Dshaft nicely (R2 = 0.81; n = 76) (Figure 2G). When their diameters were smaller than 50 nm, most of these axon shafts that were most likely localized in distal axons did not contain a single MT (Figure 2G).



We further noticed that compared to their nearby shafts, the axonal varicosities often contained more subcellular organelles despite having the same number of MTs. Approximately half (49%) of the axonal varicosities contained at least one mitochondrion, whereas 16% of them contained MVBs, and 5% contained both mitochondria and an MVB (Figure 2H). Approximately 40% of the axonal varicosities did not contain either mitochondria or an MVB (Figure 2H), but most of them still contained many tiny vesicles. This result is consistent with the results of an early study using 3D serial EM analysis [9].



The axon shafts on top of the carbon fiber were often the narrowest portion of the axon, without much extra space besides the MTs inside of it, hence causing it to pose a tremendous challenge for the axonal transport of large organelles. In particular, since the mitochondria were enriched in axonal varicosities, it appeared to be quite difficult for them to be transported to other parts of the axon. Interestingly, we observed that a mitochondrion might be at the transition of passing through a narrow axonal shaft on top of the carbon fiber with its stretched outer membrane and four MTs through the shaft (Figure 3 and Supplementary Videos S5 and S6). It is also possible that the mitochondrion was undergoing a fission process.




3.3. A Majority of Puffing-Induced Axonal Varicosities Formed around Mitochondrial Clusters


When neurons are cultured on a flat surface, their axons usually display smooth and relatively uniform diameters. Our recent studies showed that fluid puffing can rapidly reverse varicosity formation on these axons [7]. Here, we used the same system with the minimal puffing pressure (190 mm H2O) that is still able to reliably induce axonal varicosities, but we reduced the puffing time to 50 s. The shorter puffing time appeared to induce axonal varicosities with smaller sizes and better recovery.



The axonal transport of mitochondria has been extensively studied before [43,44]. To determine the spatial relationship between puffing-induced axonal varicosities and mitochondria, we transfected neurons with mito-YFP that specifically labeled the mitochondria as YFP+ clusters along axons (Figure 4A). During puffing, axonal varicosities started to form at the sites with preexisting mitochondria, as indicated by the YFP+ clusters; when puffing stopped, most of the YFP+ clusters remained at the same location (Figure 4A,B). In the kymograph, there was clear retrograde movement before and after puffing, with YFP+ puncta indicating that the varicosities that formed during puffing were located at the preexisting sites where mito-YFP had already clustered (Figure 4B). In contrast, the EB1-YFP proteins were concentrated into axonal varicosities at new sites during puffing and were redistributed throughout the axons afterwards (Figure 4C left). EB1-YFP is used to reveal plus-end tracking in MTs, but under the over-expressed condition, there is a large pool of EB1-YFP molecules not binding to MTs. These free-floating molecules can be used to indicate the volume of the axon, just like YFP molecules. There was no apparent preference for MT plus-end tracking into or out of the varicosities (Figure 4C left), suggesting that MT plus-end tracking unlikely plays a key role in varicosity formation. Transiently expressed APP-YFP displayed fast anterograde axonal transport both before and after puffing; during puffing, the percentage of axonal varicosities formed at the sites with preexisting YFP+ clusters was higher than those for YFP and EB1-YFP; when puffing stopped, some YFP+ clusters remained at the same location for a long time (Figure 4C right). Thus, most of the puffing-induced axonal varicosities formed at the sites already containing preexisting mito-YFP, but this was not the case for YFP or EB1-YFP (Figure 4D).



To simultaneously visualize axonal varicosity formation and mito-YFP punctum movement, we performed live-cell imaging with transmitted light (black in gray scale) and YFP fluorescence (green) (Figure 4E). Our result showed that most axonal varicosities (swellings revealed under transmitted light) formed at the sites with preexisting mitochondrial clusters (mito-YFP puncta revealed by YFP fluorescence), whereas only a small fraction of induced axonal varicosities formed without containing any YFP fluorescence signal (Figure 4E,G). Furthermore, we examined YFP-Rab7, which specifically labels late endosomes and MVBs [45,46]. When being expressed in neurons, YFP-Rab7 fluorescence signals were distributed more smoothly throughout axons with sparse clusters where MVBs were most likely localized (Figure 4F). After puffing, some axonal varicosities formed at sites where YFP-Rab7 was clustered, while most varicosities formed at the sites that did not contain YFP-Rab7 clusters before puffing (Figure 4F,G). Thus, comparing mito-YFP and YFP-Rab7, our results indicate that most of the axonal varicosities formed at the sites where mitochondria were located, consistent with our finding that mitochondria were enriched in axonal varicosities when the neurons were cultured on top of the lacey carbon film (Figure 2).




3.4. Axon Branch Points Often Possess Enlarged Diameters and Are Highly Heterogeneous


To search for diameter variations along individual axons, we found that axon branch points were another type of axonal site with an enlarged diameter and exclusively found in the holes of lacey carbon film. Axon branching plays a key role in proper neural network formation [47]. Axonal branches are proposed to form in two major ways: (1) splitting of a growth cone and (2) de novo branching from the axon shaft, called collateral branch formation, which appears to be the major mechanism [48]. In the present study, we performed Cryo-ET at approximately 20 axon branch points. A common feature for all of these branch points was the unequal split of MT filaments into daughter branches, suggesting that they belong to collateral branch formation. In one typical type of branch points, all four preexisting MTs extended into what presumably was the main branch (the main daughter axon), while two additional MTs were formed de novo in the other branch (the thinner daughter axon), with their free ends located within the branch point (Figure 5A–C and Supplementary Videos S7 and S8). The free ends of the two MTs were presumably the minus ends. This branch point also contained a large mitochondrion (17 out of total 35 branch points in the present study contained at least one mitochondrion) and tiny vesicles (Figure 5B). In another typical type of axon branch point, all three MTs extended into the main branch, whereas the other thin daughter branch contained no MT near the branch point but did contain MTs in the region further away from the branch point (Figure 5D–F and Supplementary Videos S9 and S10). The diameter of this thin branch was quite small, close to the diameter of a MT filament (30–40 nm). This branch point contained a number of vesicles of different sizes (Figure 5E,F). Similar to the axonal varicosities that we visualized with Cryo-ET, these branch points often contained mitochondria, vesicles, and MVBs. Different from those varicosities, we did frequently observe MT free ends within axon branch points. These MT free ends led to MTs in the daughter branch. If the two types of axon branch points (Figure 5) represent two different developmental stages, then our Cryo-ET results further suggest that the thin and collateral axon branch may not contain an MT initially, and MT(s) may be added after the branch is stabilized.



When extending out of the main axon, the thin branch sometimes also contained MT filaments. In an example, out of a total of the six MTs in the main branch, five MTs remained in the main branch, whereas one MT extended into the thin branch (Figure 6A,B). The MT extending into the thin branch displayed a high degree of bending (Figure 6B). This is consistent with the notion that MTs can bend significantly when being modulated [49]. To determine the distribution of the tubulins in the axon branch points from the neurons cultured on flat uniform surface, we stained them with an anti-β-tubulin antibody (green) and with phalloidin (red) for the actin filaments. The β-tubulin staining signal profiles along all of the axonal branches often showed reduced overall intensity in a minor branch (Figure 6C), consistent with a reduced number of MTs in the thin branch. We also frequently observed that the beginning portion of the minor branch often had lower staining signals compared to its more distal portion (Figure 6D), consistent with what we observed in Cryo-ET (Figure 5D–F). Furthermore, we observed clusters of phalloidin staining signals along axons (Figure 6C,D). These clusters were likely actin hotspots that were present throughout the axon shafts [50].




3.5. Bundled Axons Tend to Have Relatively More Uniform Diameters with Fewer Axonal Varicosities


Axons often fasciculate to form bundles in the brain, giving rise to white matter. When neurons are cultured in vitro over a flat and uniform surface, their axons frequently form bundles with occasionally separated segments (Figure 7A). When cultured on the lacey carbon film of the EM grids, the axons could also form bundles (Figure 7B). These axons still formed varicosities in the holes, but the frequency was significantly reduced, especially when multiple axons fasciculated in the hole (Figure 7B,C). Ultrastructural Cryo-ET images showed that the plasma membranes of the two fasciculated axons were close to each other and that they had MTs running in parallel (Figure 7D–F and Supplementary Video S11). The unrestricted side of an axon could still form a varicosity in the hole, and the axon–axon contact was not uniform (Figure 7B–D). Thus, in vitro axon fasciculation appeared to reduce the abundance of axonal varicosities, consistent with the lower level of axonal varicosity formation in white matter compared to gray matter in vivo.





4. Discussion


In the present study, using Cryo-ET with hippocampal/cortical neurons cultured on lacey carbon film on gold EM grids, we show that non-uniform external support alone can lead to axonal varicosity formation with diameters that are up to 13–17 times larger than those in nearby shafts and that axon fasciculation reduces such formation (Figure 1, Figure 2, Figure 3 and Figure 7). These results partially explain why gray matter axons possess higher variability in diameter than white matter ones in the normal brain. Taken together, our Cryo-ET results have revealed for the first time that the 3D ultrastructure of axonal varicosities is induced by their mechanical microenvironment.



Our high-resolution confocal imaging stacks allowed us to measure diameters along individual axons and revealed significant diameter variation in individual axons in the cortex and, to a lesser extent, in the corpus callosum (Figure 1A,B). On the other hand, most early studies on axon diameter used the 2D analysis of axon cross sections within a brain region, and the same axon could be assigned into multiple different groups based on the value of the diameter during analysis. Importantly, our results suggest that gray matter axons are more likely to have varicosities or uneven diameters than white matter ones. In the brain, gray matter but not white matter contains neuronal cell bodies, dendrites, and synapses. White matter contains orderly bundled myelinated axons as well as unmyelinated ones, giving rise to its white appearance. Gray matter also contains axons, with a small percentage of them even being myelinated, but these axons have mixed orientations, forming mesh-like patterns. In addition to their differences in terms of neurons, gray matter and white matter differ in their non-neuronal cells, such as astrocytes [29]. Overall, the microenvironment of axons is much more complex in gray matter than white matter in terms of mechanical and chemical properties. Our in vitro data suggest that the mechanical microenvironment alone can lead to diameter variations in individual axons. Although they were coated with the exact same materials to rule out a direct role of chemical cues, the lacey carbon film but not the flat surface induced large axonal varicosities (Figure 1C–H). Furthermore, when being cultured on a smooth and flat surface, the axons developed varicosities in response to fluid puffing (Figure 4) [7]. Finally, reduced levels of axonal varicosities in fasciculated axons on top of lacey carbon film also support a critical role of the mechanical microenvironment in varicosity formation (Figure 7).



Cryo-ET can become a powerful ultrastructural tool for cell biological studies of neurons [19,21,22,23,24,25]. Different from room temperature TEM, in Cryo-ET, neurons are vitrified ultrafast in liquid ethane and are analyzed under the microscope at the temperature of liquid nitrogen, which eliminates potential artifacts generated by chemical fixation and organic solvent usage during dehydration and resin embedding, such as the expansion and shrinkage of cellular materials. Moreover, the average Cryo-ET subtomogram has the potential to solve the protein structures within intact cellular contexts. Nonetheless, despite its unique strengths, Cryo-ET is unlikely to replace other imaging techniques. For instance, we have been wondering what the relationship between periodic actin rings and axonal varicosities is. In axons, actin rings are evenly spaced every 190 nm by spectrins [12,13], whereas the distances between two adjacent axonal varicosities induced by mechanical stress are highly variable and approximately 4000 nm on average [7,8]. It would be interesting to determine whether varicosities and narrow shafts possess actin rings of different sizes, which may, in part, provide membrane tension. The actomyosin network underneath the plasma membrane and neuronal activity were proposed to control and regulate axon diameter, but diameter changes were less than one-fold or 100% in these studies [17,51,52]. In sharp contrast, the diameter variations were up to approximately 13-fold in the cortex in vivo and 17-fold in the neurons cultured on the lacey carbon film in the present study (Figure 1 and Figure 2). Thus, these results from different groups are likely the result of focusing on different types of axonal varicosities. Furthermore, our Cryo-ET studies do not reveal clear ring-like ultrastructures for actin filaments, consistent with two other recent studies using Cryo-ET [19,20]. Therefore, this question remains to be addressed in future studies, perhaps by using a combination of advanced imaging techniques.



In the present study, we report a novel strategy (lacey carbon film) to induce numerous axonal varicosities in cultured CNS neurons. Most cell biological studies of CNS neurons have used primary neuron cultures on flat glass or plastic surfaces, which does not mimic any structure in any region of the brain. In contrast, lacey carbon film provides a simple binary microenvironment that includes a liquid/solid interface on the carbon fiber and a liquid-only environment supported by culture media in the hole. This partially mimics the mechanical microenvironment in vivo since different CNS cell types have different mechanical properties in terms of stiffness. Thus, our results suggest that varicosities preferentially form at axonal sites with the softest microenvironment. It is important to note that our CNS neurons were cultured on lacey carbon film under normal conditions, and these neurons were at least morphologically indistinguishable from the ones cultured on glass or plastic surfaces (Figure 1). The physical interactions between the carbon fibers and axons were mainly mediated by the electrostatic forces between the coated poly-D-lysine and the cell membranes, whereas the gravity might play a rather minor role since the cells were surrounded by culture medium. The non-uniform external support from the lacey carbon film is actually more consistent with the in vivo situation, and mimics the cavities and microcavities observed during CNS development and injury in particular [53,54]. Thus, axonal varicosities may have the potential to be developed as a novel indicator to estimate the microcavity or the softness in various brain regions.



Our results show that mitochondria were primarily present in the axonal varicosities in the holes of lacey carbon film, consistent with their presence in puffing-induced axonal varicosities (Figure 2, Figure 3 and Figure 4). Another type of large organelle, MVBs, was also present in the axonal varicosities, but to a lesser extent than mitochondria. On the other hand, small vesicles were observed in both the varicosities and shafts, and their enrichment in the varicosities likely resulted from the larger total volume there. It is important to note that narrow axon shafts pose a tremendous challenge for MT-dependent axonal transport, especially for large organelles such as mitochondria and MVBs. This is because our Cryo-ET results show that the diameters of the axon shafts were often not much larger than the combined diameters of the MTs inside, leaving very limited space for anything else (Figure 2 and Figure 3). Axonal transport will be extremely difficult without dynamic changes in axon diameters, consistent with the notions of recent studies [51]. Thus, axonal transport is likely driven not only by molecular motors, but also by external forces from the microenvironment to dynamically shape axon diameters.



Using Cryo-ET, we found that all of the axonal varicosities on the lacey carbon film contained intact MTs or the same number of MTs as the nearby shafts, and there was no sign of MT disassembly (Figure 2 and Figure 3). This result is different from our early findings showing disassembled MTs in some axonal varicosities induced by fluid puffing [7]. Axonal varicosities are highly heterogeneous. Our results show that the range of the Dvarico/Dshaft ratios of the axonal varicosities that formed on the lacey carbon film was between 1.7 and 17.4 (Figure 2). This may still fall into the normal or physiological range (Figure 1A,B). On the other hand, the axonal varicosities induced by fluid puffing may possess a much wider range of diameter variation in the Dvarico/Dshaft ratio (e.g., >20). Interestingly, a recent computational study suggested that the relative sizes of axonal varicosities are important for altering action potential propagation, and propagation failures start when the ratio is higher than approximately 20 [55]. If so, those axonal varicosities that we observed in the cortex and corpus callosum and over the lacey carbon film (Figure 1 and Figure 2) are unlikely to prohibit action potential propagation. On the other hand, some larger axonal varicosities with disassembled MTs may cause action potential propagation to fail and represent a pathological condition for the axons.



Axon branch points were another type of enlarged sites along the axon shafts that formed exclusively in the holes of the lacey carbon film. They were similar to axonal varicosities in many aspects, with the exception that we only found MT free ends within some of the axon branch points (Figure 5 and Figure 6). These MT free ends led to MTs inside a thin daughter branch. As a result, these daughter branches did not demonstrate significant MT bending. It remains unclear whether varicosity formation precedes branching at the axon branch point or if the enlargement at a branch point only takes place after branching. Moreover, in all of the axon branch points that we examined, we never found an example of MT branching.




5. Conclusions


In summary, our findings from the present study have provided multiple novel insights into the axonal properties of central neurons in response to their mechanical microenvironment under normal conditions. At the same time, our results also raised some interesting questions regarding the regulation of the 3D ultrastructures of axons for future investigation.
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The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/cells11162533/s1: Videos S1–S11. Video S1: Related to Figure 2B. This is a slice view of the 3D Cryo-ET tomogram of an axonal varicosity with 291 frames. Plasma membranes, MTs, mitochondria, and intracellular vesicles are clearly visible. Video S2: Related to Figure 2C. This is a 3D visualization of the segmentation of the Cryo-ET tomogram in Video S1. The segmentation of the Cryo-ET 3D structure was performed with Avizo software. Plasma membranes are in dark cyan, MTs are in different bright colors, vesicles are in purple, and mitochondria are in yellow. Video S3: Related to Figure 2D. This is a slice view of the 3D Cryo-ET tomogram of an axonal varicosity with 201 frames. Plasma membranes, MTs, MVB, and intracellular vesicles are clearly visible. Video S4: Related to Figure 2E. This is a 3D visualization of the segmentation of the Cryo-ET tomogram in Video S3. Plasma membranes are in dark cyan, MTs are in different bright colors, vesicles are in purple, and the outer membrane of the MVB is in green. Video S5: Related to Figure 3B. This is a slice view of the 3D Cryo-ET tomogram of the junction of two axonal varicosities containing mitochondria with 201 frames. Plasma membranes, MTs, mitochondria, and intracellular vesicles are clearly visible. Video S6: Related to Figure 3C. This is a 3D visualization of the segmentation of the Cryo-ET tomogram in Video S5. Plasma membranes are in dark cyan, and four MTs in different bright colors. Vesicles are in purple, and mitochondria are in yellow. Video S7: Related to Figure 5B. This is a slice view (a stack with 301 frames) of the 3D Cryo-ET tomogram of an axon branch point containing two free ends of MTs for one daughter branch. Plasma membranes, MTs, mitochondria, and intracellular vesicles are clearly visible. Video S8: Related to Figure 5C. This is a 3D visualization of the segmentation of the Cryo-ET tomogram in Video S7. Plasma membranes are in dark cyan, MTs are in different bright colors, and mitochondria are in yellow. Video S9: Related to Figure 5E. This is a slice view (a stack with 191 frames) of the 3D Cryo-ET tomogram of an axon branch point containing no MT for one daughter branch but that contained an MT further down the branch. Plasma membranes, MTs, and intracellular vesicles of various sizes are clearly visible. Video S10: Related to Figure 5F. This is a 3D visualization of the segmentation of the Cryo-ET tomogram in Video S9. Plasma membranes are in dark cyan, MTs are in different bright colors, and vesicles are in purple. Video S11: Related to Figure 7E,F. This is a 3D visualization of the segmentation of the Cryo-ET tomogram in Figure 7D. Plasma membranes of two fasciculated axons are in dark cyan and green, respectively. MTs are in different bright colors, and vesicles are in purple.





Author Contributions


C.G. designed and supervised the research; D.M., B.D., C.S. and C.G. performed experiments and made the figures; D.M. and C.G. wrote the manuscript; B.D., D.W.M. and C.G. revised the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported, in part, by grants from the NIH (R01NS093073 and R21AA024873) to C.G.




Institutional Review Board Statement


All animal handling procedures in the current study were approved by the Ohio State University Institutional Animal Care and Use Committee (IACUC) and conformed to the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Campus Microscopy and Imaging facility at OSU for the technical assistance during the transmission electron microscopy and the OSU Neuroscience Image Core (P30NS104177) for the technical assistance during the confocal microscopy. The Cryo-EM study was conducted at the Center for Electron Microscopy and Analysis (CEMAS) at OSU.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Debanne, D. Information processing in the axon. Nat. Rev. Neurosci. 2004, 5, 304–316. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gu, C. Rapid and Reversible Development of Axonal Varicosities: A New Form of Neural Plasticity. Front. Mol. Neurosci. 2021, 14, 610857. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Browne, K.D.; Chen, X.H.; Meaney, D.F.; Smith, D.H. Mild traumatic brain injury and diffuse axonal injury in swine. J. Neurotrauma 2011, 28, 1747–1755. [Google Scholar] [CrossRef] [Scilit]

	



Reeves, T.M.; Smith, T.L.; Williamson, J.C.; Phillips, L.L. Unmyelinated axons show selective rostrocaudal pathology in the corpus callosum after traumatic brain injury. J. Neuropathol. Exp. Neurol. 2012, 71, 198–210. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Johnson, V.E.; Stewart, W.; Smith, D.H. Axonal pathology in traumatic brain injury. Exp. Neurol. 2013, 246, 35–43. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yang, J.; Weimer, R.M.; Kallop, D.; Olsen, O.; Wu, Z.; Renier, N.; Uryu, K.; Tessier-Lavigne, M. Regulation of axon degeneration after injury and in development by the endogenous calpain inhibitor calpastatin. Neuron 2013, 80, 1175–1189. [Google Scholar] [CrossRef] [Scilit]

	



Gu, Y.; Jukkola, P.; Wang, Q.; Esparza, T.; Zhao, Y.; Brody, D.; Gu, C. Polarity of varicosity initiation in central neuron mechanosensation. J. Cell Biol. 2017, 216, 2179–2199. [Google Scholar] [CrossRef] [Scilit]

	



Sun, C.; Lin, Q.; Cheng, Y.; Zhao, Y.; Gu, C. Immediate induction of varicosities by transverse compression but not uniaxial stretch in axon mechanosensation. Acta Neuropathol. Commun. 2022, 10, 7. [Google Scholar] [CrossRef] [Scilit]

	



Greenberg, M.M.; Leitao, C.; Trogadis, J.; Stevens, J.K. Irregular geometries in normal unmyelinated axons: A 3D serial EM analysis. J. Neurocytol. 1990, 19, 978–988. [Google Scholar] [CrossRef] [Scilit]

	



Shepherd, G.M.; Harris, K.M. Three-dimensional structure and composition of CA3→CA1 axons in rat hippocampal slices: Implications for presynaptic connectivity and compartmentalization. J. Neurosci. 1998, 18, 8300–8310. [Google Scholar] [CrossRef] [Scilit]

	



Giacci, M.K.; Bartlett, C.A.; Huynh, M.; Kilburn, M.R.; Dunlop, S.A.; Fitzgerald, M. Three dimensional electron microscopy reveals changing axonal and myelin morphology along normal and partially injured optic nerves. Sci. Rep. 2018, 8, 3979. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xu, K.; Zhong, G.; Zhuang, X. Actin, spectrin, and associated proteins form a periodic cytoskeletal structure in axons. Science 2013, 339, 452–456. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Leterrier, C. Putting the axonal periodic scaffold in order. Curr. Opin. Neurobiol. 2021, 69, 33–40. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



D’Este, E.; Kamin, D.; Velte, C.; Gottfert, F.; Simons, M.; Hell, S.W. Subcortical cytoskeleton periodicity throughout the nervous system. Sci. Rep. 2016, 6, 22741. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



D’Este, E.; Kamin, D.; Balzarotti, F.; Hell, S.W. Ultrastructural anatomy of nodes of Ranvier in the peripheral nervous system as revealed by STED microscopy. Proc. Natl. Acad. Sci. USA 2017, 114, E191–E199. [Google Scholar] [CrossRef] [Scilit]

	



He, J.; Zhou, R.; Wu, Z.; Carrasco, M.A.; Kurshan, P.T.; Farley, J.E.; Simon, D.J.; Wang, G.; Han, B.; Hao, J.; et al. Prevalent presence of periodic actin-spectrin-based membrane skeleton in a broad range of neuronal cell types and animal species. Proc. Natl. Acad. Sci. USA 2016, 113, 6029–6034. [Google Scholar] [CrossRef] [Scilit]

	



Costa, A.R.; Sousa, S.C.; Pinto-Costa, R.; Mateus, J.C.; Lopes, C.D.; Costa, A.C.; Rosa, D.; Machado, D.; Pajuelo, L.; Wang, X.; et al. The membrane periodic skeleton is an actomyosin network that regulates axonal diameter and conduction. eLife 2020, 9, e55471. [Google Scholar] [CrossRef] [Scilit]

	



Vassilopoulos, S.; Gibaud, S.; Jimenez, A.; Caillol, G.; Leterrier, C. Ultrastructure of the axonal periodic scaffold reveals a braid-like organization of actin rings. Nat. Commun. 2019, 10, 5803. [Google Scholar] [CrossRef] [Scilit]

	



Paul, D.M.; Mantell, J.; Borucu, U.; Coombs, J.; Surridge, K.J.; Squire, J.M.; Verkade, P.; Dodding, M.P. In situ cryo-electron tomography reveals filamentous actin within the microtubule lumen. J. Cell Biol. 2020, 219, 9. [Google Scholar] [CrossRef] [Scilit]

	



Foster, H.E.; Ventura Santos, C.; Carter, A.P. A cryo-ET survey of microtubules and intracellular compartments in mammalian axons. J. Cell Biol. 2022, 221, e202103154. [Google Scholar] [CrossRef] [Scilit]

	



Fischer, T.D.; Dash, P.K.; Liu, J.; Waxham, M.N. Morphology of mitochondria in spatially restricted axons revealed by cryo-electron tomography. PLoS Biol. 2018, 16, e2006169. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hoffmann, P.C.; Giandomenico, S.L.; Ganeva, I.; Wozny, M.R.; Sutcliffe, M.; Lancaster, M.A.; Kukulski, W. Electron cryo-tomography reveals the subcellular architecture of growing axons in human brain organoids. eLife 2021, 10, e70269. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Liu, Y.T.; Tao, C.L.; Zhang, X.; Xia, W.; Shi, D.Q.; Qi, L.; Xu, C.; Sun, R.; Li, X.W.; Lau, P.M.; et al. Mesophasic organization of GABAA receptors in hippocampal inhibitory synapses. Nat. Neurosci. 2020, 23, 1589–1596. [Google Scholar] [CrossRef] [Scilit]

	



Trinkaus, V.A.; Riera-Tur, I.; Martinez-Sanchez, A.; Bauerlein, F.J.B.; Guo, Q.; Arzberger, T.; Baumeister, W.; Dudanova, I.; Hipp, M.S.; Hartl, F.U.; et al. In situ architecture of neuronal alpha-Synuclein inclusions. Nat. Commun. 2021, 12, 2110. [Google Scholar] [CrossRef] [Scilit]

	



Ibiricu, I.; Huiskonen, J.T.; Dohner, K.; Bradke, F.; Sodeik, B.; Grunewald, K. Cryo electron tomography of herpes simplex virus during axonal transport and secondary envelopment in primary neurons. PLoS Pathog. 2011, 7, e1002406. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Jukkola, P.I.; Lovett-Racke, A.E.; Zamvil, S.S.; Gu, C. K+ channel alterations in the progression of experimental autoimmune encephalomyelitis. Neurobiol. Dis. 2012, 47, 280–293. [Google Scholar] [CrossRef] [Scilit]

	



Jukkola, P.; Gu, Y.; Lovett-Racke, A.E.; Gu, C. Suppression of Inflammatory Demyelinaton and Axon Degeneration through Inhibiting Kv3 Channels. Front. Mol. Neurosci. 2017, 10, 344. [Google Scholar] [CrossRef] [Scilit]

	



Barry, J.; Gu, Y.; Jukkola, P.; O’Neill, B.; Gu, H.; Mohler, P.J.; Rajamani, K.T.; Gu, C. Ankyrin-G directly binds to Kinesin-1 to transport voltage-gated Na+ channels into axons. Dev. Cell 2014, 28, 117–131. [Google Scholar] [CrossRef] [Scilit]

	



Jukkola, P.; Gray, V.; Guerrero, T.; Gu, C. Astrocytes differentially respond to inflammatory autoimmune insults and imbalances of neural activity. Acta Neuropathol. Commun. 2013, 1, 70. [Google Scholar] [CrossRef] [Scilit]

	



Nickel, M.; Eid, F.; Jukkola, P.; Gu, C. Copper chelation and autoimmunity differentially impact myelin in the hippocampal-prefrontal circuit. J. Neuroimmunol. 2019, 334, 576998. [Google Scholar] [CrossRef] [Scilit]

	



Barry, J.; Xu, M.; Gu, Y.; Dangel, A.W.; Jukkola, P.; Shrestha, C.; Gu, C. Activation of conventional kinesin motors in clusters by Shaw voltage-gated K+ channels. J. Cell Sci. 2013, 126 Pt 9, 2027–2041. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Rice, J.; Weiner, J.L.; Coutellier, L.; Gu, C. Region-Specific Interneuron Demyelination and Heightened Anxiety Induced by Adolescent Binge Alcohol Drinking. Acta Neuropathol. Commun. 2019, 7, 173. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xu, M.; Cao, R.; Xiao, R.; Zhu, M.X.; Gu, C. The axon-dendrite targeting of Kv3 (Shaw) channels is determined by a targeting motif that associates with the T1 domain and ankyrin G. J. Neurosci. 2007, 27, 14158–14170. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xu, M.; Gu, Y.; Barry, J.; Gu, C. Kinesin I transports tetramerized Kv3 channels through the axon initial segment via direct binding. J. Neurosci. 2010, 30, 15987–16001. [Google Scholar] [CrossRef] [Scilit]

	



Hagen, W.J.H.; Wan, W.; Briggs, J.A.G. Implementation of a cryo-electron tomography tilt-scheme optimized for high resolution subtomogram averaging. J. Struct. Biol. 2017, 197, 191–198. [Google Scholar] [CrossRef] [Scilit]

	



Kremer, J.R.; Mastronarde, D.N.; McIntosh, J.R. Computer visualization of three-dimensional image data using IMOD. J. Struct. Biol. 1996, 116, 71–76. [Google Scholar] [CrossRef] [Scilit]

	



Gu, Y.; Gu, C. Dynamics of Kv1 channel transport in axons. PLoS ONE 2010, 5, e11931. [Google Scholar] [CrossRef] [Scilit]

	



Servello, D.; Gu, Y.; Gu, C. A Microbiomechanical System for Studying Varicosity Formation and Recovery in Central Neuron Axons. J. Vis. Exp. 2018, 134, e57202. [Google Scholar] [CrossRef] [Scilit]

	



Dotti, C.G.; Sullivan, C.A.; Banker, G.A. The establishment of polarity by hippocampal neurons in culture. J. Neurosci. 1988, 8, 1454–1468. [Google Scholar] [CrossRef] [Scilit]

	



Horton, A.C.; Ehlers, M.D. Neuronal polarity and trafficking. Neuron 2003, 40, 277–295. [Google Scholar] [CrossRef] [Scilit]

	



Shi, S.H.; Jan, L.Y.; Jan, Y.N. Hippocampal neuronal polarity specified by spatially localized mPar3/mPar6 and PI 3-kinase activity. Cell 2003, 112, 63–75. [Google Scholar] [CrossRef] [Scilit]

	



Gardner, A.; Jukkola, P.; Gu, C. Myelination of rodent hippocampal neurons in culture. Nat. Protoc. 2013, 7, 1774–1782. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kang, J.S.; Tian, J.H.; Pan, P.Y.; Zald, P.; Li, C.; Deng, C.; Sheng, Z.H. Docking of axonal mitochondria by syntaphilin controls their mobility and affects short-term facilitation. Cell 2008, 132, 137–148. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, X.; Schwarz, T.L. The mechanism of Ca2+-dependent regulation of kinesin-mediated mitochondrial motility. Cell 2009, 136, 163–174. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Feng, Y.; Press, B.; Wandinger-Ness, A. Rab 7: An important regulator of late endocytic membrane traffic. J. Cell Biol. 1995, 131 Pt 1, 1435–1452. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Miaczynska, M.; Zerial, M. Mosaic organization of the endocytic pathway. Exp. Cell Res. 2002, 272, 8–14. [Google Scholar] [CrossRef] [Scilit]

	



Kalil, K.; Dent, E.W. Branch management: Mechanisms of axon branching in the developing vertebrate CNS. Nat. Rev. Neurosci. 2014, 15, 7–18. [Google Scholar] [CrossRef] [Scilit]

	



Bodakuntla, S.; Nedozralova, H.; Basnet, N.; Mizuno, N. Cytoskeleton and Membrane Organization at Axon Branches. Front. Cell Dev. Biol. 2021, 9, 707486. [Google Scholar] [CrossRef] [Scilit]

	



Prokop, A. Cytoskeletal organization of axons in vertebrates and invertebrates. J. Cell Biol. 2020, 219, 7. [Google Scholar] [CrossRef] [Scilit]

	



Dubey, P.; Jorgenson, K.; Roy, S. Actin Assemblies in the Axon Shaft-some Open Questions. Curr. Opin. Neurobiol. 2018, 51, 163–167. [Google Scholar] [CrossRef] [Scilit]

	



Wang, T.; Li, W.; Martin, S.; Papadopulos, A.; Joensuu, M.; Liu, C.; Jiang, A.; Shamsollahi, G.; Amor, R.; Lanoue, V.; et al. Radial contractility of actomyosin rings facilitates axonal trafficking and structural stability. J. Cell Biol. 2020, 219, e201902001. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chereau, R.; Saraceno, G.E.; Angibaud, J.; Cattaert, D.; Nagerl, U.V. Superresolution imaging reveals activity-dependent plasticity of axon morphology linked to changes in action potential conduction velocity. Proc. Natl. Acad. Sci. USA 2017, 114, 1401–1406. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kaur, C.; Ling, E.A. Transitory cystic cavities in the developing mammalian brain-normal or anomalous? J. Anat. 2017, 230, 197–202. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gerber, Y.N.; Saint-Martin, G.P.; Bringuier, C.M.; Bartolami, S.; Goze-Bac, C.; Noristani, H.N.; Perrin, F.E. CSF1R Inhibition Reduces Microglia Proliferation, Promotes Tissue Preservation and Improves Motor Recovery after Spinal Cord Injury. Front. Cell Neurosci. 2018, 12, 368. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wu, Y.T.; Gilpin, K.; Adnan, A. Effects of Focal Axonal Swelling Level on the Action Potential Signal Transmission. J. Comput. Neurosci. 2020, 48, 253–263. [Google Scholar] [CrossRef] [Scilit] [PubMed]








[image: Cells 11 02533 g001] 





Figure 1. Diameter variation in individual axons correlates with the complexity of extracellular microenvironment. (A) Confocal images and 3D reconstruction of YFP+ (signals inverted in gray scale) axons in the corpus callosum of Thy1-YFP transgenic mice. In an XY focal plane (top), three green lines indicate the positions for three ZY focal planes (a1–a3, middle, enlarged by 2-fold) to show the diameters of three positions (indicated by red arrowheads) of a single axonal segment (circled in red dashes). Correlation between the largest diameter (Dmax) and the smallest diameter (Dmin) along a single continuous axonal segment is indicated by a black dot in the chart at the bottom. (B) Confocal images and 3D reconstruction of YFP+ axons in the cortical layer 6 of Thy1-YFP transgenic mice. The Dmin-Dmax correlation in the cortex is much less than that in the corpus callosum. (C) In vitro development of mouse hippocampal neurons cultured on coated glass coverslips. Neurons at 1, 3, 7, and 14 days in vitro (DIV) were visualized with transmitted light. (D) The diagram of an EM grid with lacey carbon film. (E) Neurons were just seeded on coated EM grids with lacey carbon film at 0 DIV. (F) In vitro development of hippocampal neurons cultured on EM grids. Neurons at 1, 3, 7, and 14 DIV were visualized with transmitted light. (G) Low-magnification Cryo-EM image of neuronal processes growing on coated lacey carbon film. Red asterisks, ice crystals. Green arrows, thin and isolated axons that can potentially be resolved in Cryo-ET. Blurry areas represent thick cellular structures. (H) TEM images of axons growing on a coated and uniform plastic surface (left) and Cryo-EM image of an axon growing on lacey carbon film (right). Axonal segments are highlighted in yellow. Scale bars: 10 μm in (A,B,G), 100 μm in (C,E,F), and 500 nm in (H). 






Figure 1. Diameter variation in individual axons correlates with the complexity of extracellular microenvironment. (A) Confocal images and 3D reconstruction of YFP+ (signals inverted in gray scale) axons in the corpus callosum of Thy1-YFP transgenic mice. In an XY focal plane (top), three green lines indicate the positions for three ZY focal planes (a1–a3, middle, enlarged by 2-fold) to show the diameters of three positions (indicated by red arrowheads) of a single axonal segment (circled in red dashes). Correlation between the largest diameter (Dmax) and the smallest diameter (Dmin) along a single continuous axonal segment is indicated by a black dot in the chart at the bottom. (B) Confocal images and 3D reconstruction of YFP+ axons in the cortical layer 6 of Thy1-YFP transgenic mice. The Dmin-Dmax correlation in the cortex is much less than that in the corpus callosum. (C) In vitro development of mouse hippocampal neurons cultured on coated glass coverslips. Neurons at 1, 3, 7, and 14 days in vitro (DIV) were visualized with transmitted light. (D) The diagram of an EM grid with lacey carbon film. (E) Neurons were just seeded on coated EM grids with lacey carbon film at 0 DIV. (F) In vitro development of hippocampal neurons cultured on EM grids. Neurons at 1, 3, 7, and 14 DIV were visualized with transmitted light. (G) Low-magnification Cryo-EM image of neuronal processes growing on coated lacey carbon film. Red asterisks, ice crystals. Green arrows, thin and isolated axons that can potentially be resolved in Cryo-ET. Blurry areas represent thick cellular structures. (H) TEM images of axons growing on a coated and uniform plastic surface (left) and Cryo-EM image of an axon growing on lacey carbon film (right). Axonal segments are highlighted in yellow. Scale bars: 10 μm in (A,B,G), 100 μm in (C,E,F), and 500 nm in (H).



[image: Cells 11 02533 g001]







[image: Cells 11 02533 g002] 





Figure 2. Three-dimensional ultrastructures of axonal varicosities on lacey carbon film revealed by Cryo-ET. (A) Low-magnification Cryo-EM image of an axon (highlighted in yellow) growing on lacey carbon film. (B) Two slices from the Cryo-ET tomogram of the axonal varicosity. (C) Segmentation view of the varicosity in (B). MTs were represented in tubes of different colors: mitochondria in yellow, plasma membrane in cyan, and small vesicles in purple. (D) Two slices from the Cryo-ET tomogram of an axonal varicosity containing an MVB. (E) Segmentation view of the varicosity in (D). The outer membrane of the MVB is in green. (F) The correlation between the diameter of the axonal varicosity (Dvarico) and the diameter of its nearby shaft growing on top of carbon fiber (Dshaft). (G) The correlation between the diameter of the axonal shaft (Dshaft) and the number of its MTs. (H) Percentages of axonal varicosities containing mitochondria but not an MVB (red, 44%), MVB(s) but no mitochondria (blue, 11%), both mitochondria and an MVB (green, 5%), and neither mitochondria nor an MVB (black, 40%). n = 191. Scale bars, 500 nm in (A) and 100 nm in (B,D). 
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Figure 3. Two adjacent axonal varicosities with carbon fiber support in the middle. (A) Low-magnification view of an axonal segment with multiple varicosities growing on top of lacey carbon film. The axon is highlighted in yellow. (B) Three slices from the Cryo-ET tomogram of the junction of two axonal varicosities under high magnification. (C) Segmentation view of the varicosity junction in (B). Four MTs are represented as tubes of four different colors: mitochondria in yellow, plasma membrane in cyan, and small vesicles in purple. Scale bars, 100 nm. 
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Figure 4. Mitochondria are preferred sites for puffing-induced transient formation of axonal varicosities. (A) An axon expressing mito-YFP before (con), during (Puff), and after puffing (Rec). YFP fluorescence signals are inverted. (B) Kymograph of the movement of mito-YFP puncta along the axon in (A). Red arrowheads, YFP puncta after puffing located at the preexisting site. (C) Kymographs of EB1-YFP (left) and APP-YFP (right) movement along axons before, during, and after puffing. Most YFP punta were induced by puffing at new sites and slowly resolved afterwards. (D) Percentage of YPF puncta after puffing located at the same sites prior to puffing. One-way ANOVA followed by Dunnett’s test: *, p < 0.05; **, p < 0.01. n~12 for each condition. (E) Live-cell imaging for mito-YFP (green) and transmitted light before and after puffing during varicosity induction. Red arrowheads, varicosities formed at preexisting mito-YFP clusters. Blue arrowheads, varicosities formed at the sites without mito-YFP. (F) Live-cell imaging for YFP-Rab7 and transmitted light before and after puffing during varicosity induction. Red arrows, varicosities formed in preexisting YFP-Rab7 clusters. Blue arrows, varicosities formed at the sites without preexisting YFP-Rab7 clusters. (G) Summary of varicosity formation at preexisting mitochondria indicated by mito-YFP clusters (n = 10) and MVBs indicated by YFP-Rab7 clusters (n = 9). Unpaired t-test, **, p < 0.01. Scale bars, 15 μm. 
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Figure 5. Three-dimensional ultrastructures of two typical types of axon branch points. (A) Low-magnification Cryo-EM image of an axon and its branch point. An axon with a branch point is highlighted in red. (B) Three slices from the Cryo-ET tomogram of the axon branch point in (A). De novo formation of two MTs and their free ends for one branch are highlighted in green and cyan. (C) Segmentation view of the branch point in (B). Two MTs in red extending into one of the two daughter branches. Two MTs formed de novo within the branch point (one in green and the other in light blue) and extended into the other daughter branch. Mitochondria in yellow and plasma membrane in dark cyan. (D) Low-magnification Cryo-EM image of an axon branch point. The axon was highlighted in red. (E) Two slices from the Cryo-ET tomogram of the axon branch point in (D). One of the two daughter branches, the thin one, did not contain a single MT. (F) Segmentation view of the branch point in (E). Three MTs (in red, yellow, and green) all extended into one of the two daughter branches. Vesicles of different sizes in yellow and plasma membrane in cyan. Scale bars, 250 nm in (A,D) and 100 nm in (B,E). 
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Figure 6. Unequal splitting of MTs into two daughter branches. (A) Low-magnification Cryo-EM image of an axon branch point. The axon is highlighted in red. (B) Two slices from the Cryo-ET tomogram of the axon branch point in (A). Five out of six MTs (in different colors) extended into one daughter branch, while one MT (in red) extended into the other daughter branch (the thinner one). (C,D) Axons growing on coated cover glass were stained with an anti-β-tubulin antibody (green) and phalloidin (red). The line profiles of β-tubulin staining intensity along axon branches were plotted on the right. Black, the main branch. Red, one daughter branch. Blue, the relatively thinner daughter branch. Scale bars, 500 nm in (A), 100 nm in (B), and 50 μm in (C,D). 
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Figure 7. Three-dimensional ultrastructures of fasciculated axons. (A) Two fasciculated axons growing on coated glass coverslips stained with an anti-β-tubulin antibody (green) and phalloidin (red). (B) Low-magnification Cryo-EM images of fasciculated axons growing on top of lacey carbon film. Fasciculated axons are highlighted in blue, red, and yellow. (C) Low-magnification Cryo-EM image of two fasciculated axons (highlighted in blue and green) growing on top of lacey carbon film. (D) Two slices from the Cryo-ET tomogram of two fasciculated axons in (C). (E,F) Segmentation (bottom and top) views of two fasciculated axons in (D). MTs are shown with tubes of different colors: mitochondria in yellow, vesicles in purple, and plasma membranes in green and cyan. Scale bars, 25 μm in (A), 400 nm in (B,C), and 100 nm in (D). 
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