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SUMMARY:
The presented protocol describes the use of transmission electron microscopy (TEM) to quantify circadian changes in the mouse barrel cortex, mainly focusing on synapse number and dendritic spine morphology.

ABSTRACT: 
Examining circadian synaptic plasticity requires housing mice under different lighting conditions (light/dark cycle, LD 12:12, and constant darkness, DD), providing access to running wheels, and sacrificing them at four defined time points within 24 h—at the beginning and middle of the day/subjective day and at the beginning and middle of the night/subjective night. Brains are then properly fixed for transmission electron microscopy (TEM). The barrel cortex, with its precise somatotopic organization, provides an ideal model for such analysis. To obtain the required brain area, the brains are tangentially cut with a vibratome, and then, sections containing the barrel cortex are selected and embedded in Polybed resin. From the prepared blocks containing the selected barrels, consecutive ultrathin sections are cut. Synaptic density, excitatory and inhibitory, is analysed from electron micrographs using the stereological dissector method. Additionally, TEM images are used for 3D reconstructions of dendritic spines. Changes in the shape of dendritic spines indicate remodeling of neurons during the day. The number of excitatory synapses peaks during sleep (day) in mice, while inhibitory synapses peak during their activity phase (in the middle of the night).

INTRODUCTION: 
Circadian rhythms are generated by circadian clocks in almost all processes in an organism. In animals and humans, they have been detected at molecular, cellular, and whole-organism levels, as well as in their behavior. The circadian system of an organism consists of the main circadian clock (pacemaker) and peripheral clocks. All circadian clocks generate circadian oscillations through the cyclic expression of clock genes, which are controlled by their proteins. The molecular mechanism of the clock generates circadian rhythms with a period of ~1 day (longer or shorter than 24 h), but under day/night conditions, the period of endogenous rhythms is synchronized to 24 h. Many circadian rhythms have been detected in the physiology of the nervous system of invertebrates and vertebrates; however, some studies have shown that they are also present in synaptic and neuronal plasticity, that is, changes in the number and structure of synapses and dendrites 1,2,3,4.

[bookmark: _Hlk199420519][bookmark: _Hlk199324713][bookmark: _Hlk199324669][bookmark: _Hlk199325551][bookmark: _Hlk199325688][bookmark: _Hlk199325312][bookmark: _Hlk199326028]The mouse somatosensory cortex provides an excellent site for studying synaptic plasticity throughout the day due to its well-defined organization and direct link to animal locomotor activity 5,6,7,8,9. In layer IV of the somatosensory cortex, there are distinct neural structures (barrels) that are highly noticeable even in an unstained brain 10,11. Their arrangement reflects the morphology and organization of the whiskers on the animal's snout, allowing the precise mapping of sensory stimuli. The large barrels are organized in five regular rows, each containing between four and seven barrels. The rows of barrels that correspond to large whiskers are marked with capital letters from A to E and represent the whiskers arranged from the eye area downward along the snout. Each barrel consists of two main areas: the hollow, the central part filled with neuropil, and the wall called the side, which is dominated by the bodies of stellate cells. The barrels are separated from each other by areas of lower cell density, called septa. Each barrel receives impulses from a specific whisker located on the contralateral side of the animal's snout 10,12. 

[bookmark: _Hlk199327519][bookmark: _Hlk199327603]The division into specific barrels, arranged in regular rows, allows for quick and easy identification of the selected area 10,13. The selection of barrels from row B for analysis of circadian changes is based on studies of activity-dependent plasticity 14,15,16,17. Row B is characterized by well-defined somatotopic boundaries and contains only four distinct large barrels, simplifying its location in samples. Due to its central position, row B neuronal activity is correlated with natural mouse behaviors such as environmental exploration and locomotor activity. For counting synapses on dendritic spines and shafts, it is important to select the central parts of the barrels, where cell bodies are sparse 12,15,18. 

[bookmark: _Hlk199314798]Immunohistochemistry combined with confocal microscopy imaging is a technique that has played a crucial role in clarifying the key mechanisms of synaptic plasticity in mice. While using confocal microscopy provides high-resolution images with reduced background fluorescence and improved cellular structure clarity, it suffers from photobleaching and requires complex sample preparation, which may change the state of biological tissues. Its reliance on fluorescent markers can limit the types of proteins that can be studied simultaneously due to their overlap. Confocal immunofluorescence microscopy provides a means to label specific proteins, their expression levels, and localization associated with synaptic activity by using antibodies to detect target antigens in fixed tissue sections. Although this method offers specificity and flexibility to study various proteins involved in neurotransmission, it is limited by its inability to provide real-time data on dynamic processes due to the fixation step involved. The inconsistency in the antibody binding could also result in unreliable results 19,20,21.

The use of electron microscopy instead of immunofluorescence methods with light microscopy allows for significantly higher resolution and greater precision in both localization selection and the distinction of neural structures. Serial transmission electron microscopy (TEM) sections help to visualize the synaptic structure at the ultrastructural level and have the advantage of being used for studying synapse formation or elimination. TEM enables researchers to analyze the physical properties of synapses and changes in the density and structure that are called the plasticity of synapses. Although sample preparation and imaging are labor-intensive, TEM provides a more detailed understanding of changes that happen during learning, memory formation, and processing of sensory information, and during the day, year, and animal age. 

Our method aims to investigate the circadian dynamics of synaptic density and morphology by using a minimum four-time-point-based approach combined with the stereological dissector method based on serial TEM images. The stereological dissector method allows for reliable estimation of synapse numbers even when using only a few ultrathin serial sections 22,23,24,25,26. The well-defined somatotopic organization of the barrel cortex ensures precise anatomical selection of study locations, while serial TEM allows differentiation of synapse types (excitatory and inhibitory) and their locations (on dendritic spines and shafts). This method provides a valuable tool for researchers investigating diurnal and circadian neuroplasticity, enabling the exploration of how environmental and internal factors influence synaptic dynamics. The individual components of our method enable its application for analysis of neuroplasticity changes in a much broader range of studies, not necessarily limited to circadian-related changes.

PROTOCOL: 

[bookmark: _Hlk199310827]All experimental procedures involving animals were approved by the appropriate institutional ethics committee and conducted in accordance with Directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for scientific purposes, as well as with national regulations. All efforts were made to minimize animal suffering and to reduce the number of animals used.

1. Preparation of brain tissues

1.1. Sacrifice mice at four different time points every 6 h over a 24 h cycle, in both light/dark (LD 12:12) and constant darkness (DD) conditions (Figure 1). In LD 12:12 conditions, refer to Zeitgeber Time (ZT), where ZT0 corresponds to the beginning of the light phase and ZT12 to the beginning of the dark phase. In constant darkness, refer to Circadian Time (CT), where CT0 represents the beginning of the subjective day, and CT12 denotes the beginning of the subjective night. 

NOTE: The time points are ZT0/CT0 (start of the day, subjective day), ZT6/CT6 (middle of the day, subjective day), ZT12/CT12 (beginning of the night, subjective night), and ZT18/CT18 (middle of the night, subjective night).

1.2. Perfuse and fix mouse brains with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).

1.3. Remove each brain from the skull and leave it in a fixative solution (2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) for 24 h at 4 °C.
 
1.4. To prepare the brain for sectioning, cut off the cerebellum and divide the brain into two hemispheres (Figure 2A,B).  
 
1.5. Choose one hemisphere (right or left) and orient it so that the sections are cut tangentially to the barrel cortex. Mount the selected hemisphere on the vibratome chuck and glue it tightly (Figure 2C).  

1.6. Cut sections at 60 μm thickness (vibratome section speed: 7.30 and the frequency: 5.00) (Figure 2D) and then transfer sections to the mix of 0.1 M phosphate buffer and fixative solution (1:5 ratio).  
 
1.7. Examine sections under a light microscope with 4x magnification and collect only those with the visible barrel field cortex for the next step (Figure 2E). Use the concave slide to ensure that the section remains constantly in liquid.  

2. Brain fixation and sectioning 

2.1. Use a paintbrush and gently transfer tissues into a small glass Petri dish. Next, rinse the brain sections in the 0.1 M cacodylate buffer (BC, pH 7.4) for 3 x 5 min. 
 
2.2. Fix sections in 1% Osmium tetroxide (OsO4) in 0.1 M BC with 1.5% potassium ferricyanide and leave at +4 °C for 1 h. 

NOTE: Prepare the OsO4 solution immediately before use since OsO₄ is unstable and its activity decreases over time. 
 
2.3. Post-fix sections in 1% OsO4 in 0.1 M BC solution for 1 h at room temperature. 
 
NOTE: Perform all these steps while wearing protective gloves and under the fume hood with well-functioning ventilation as OsO4 is very toxic.
Waste should be kept in a separate bottle with a tight cap. Do not allow the product to enter drains.
 
2.4. After fixation, rinse sections in distilled water for 2 x 5 min.  
 
2.5. In the next step, incubate brain sections for 40 min in the solution of 70% ethanol containing 1% uranyl acetate. After mixing, use a syringe with a filter (25 mm) and slowly pour 2 mL of the solution into each Petri dish with the tissues. 
 
2.6. Dehydrate tissues in ascending concentrations of alcohol: 70%, 80%, and 90% ethanol for 5 min each and 100% ethanol, 3 x 5 min each. 
 
NOTE: It is possible to leave tissues in 70% ethanol overnight at +4 °C.
 
2.7. Wash tissues in propylene oxide 2 x 10 min.  
 
NOTE: Propylene oxide is a highly corrosive chemical; use it with caution while wearing protective gloves and working under the fume hood. Using a glass container (glass Petri dish) is crucial for this step.
Propylene oxide is an extremely flammable liquid and vapor. Waste must be kept in a separate tightly closed glass container. Do not let the product enter drains; there is a risk of explosion. 
 
2.8. Replace propylene oxide with a mixture of Polybed resin and propylene oxide (1:1 ratio). Pour at least 2 mL of the solution into each Petri dish with the sections, cover with a lid, and incubate for 40 min.  
 
2.9. Finally, embed brain sections in the mixture of Polybed resin and propylene oxide (3:1 ratio). Use at least 2 mL of the mixture per Petri dish, cover it and leave for 1.5 h.
 
NOTE: Ensure the tissues are fully immersed and make sure they are not floating above the liquid.  
 
2.10. [bookmark: _Hlk199422652]Cut Aclar film into pieces matching the size of a glass slide. Using a plastic pipette, apply a small volume of resin onto the Aclar film and transfer the brain sections from the Petri dish to the resin with a paintbrush. Embed each section between two Aclar films and incubate for 48 h in a 65 °C oven to polymerize.  
 
3. Barrel cortex imaging and sectioning  

3.1. Photograph brain sections at 2x objective magnification with a light microscope (Figure 2F).  

3.2. [bookmark: _Hlk202109375]Collect all images and import them into graphics software (Photoshop, version CS). To open images, click File |Open, select the images using Shift |Open. The images will open in separate windows. Start stacking images from the cortex (the smallest piece) and continue until all sections are correctly aligned. Right-click on Layer 1 |Duplicate Layer on each image. In the dialog box, enter the image number as the name |choose one image as the destination file |OK. Repeat these steps for all the images, duplicating them into the same destination file. Align the images to reconstruct the barrel field, ensuring proper anatomical order. Use the Move Tool to position each layer manually, then Edit |Transform |Rotate or Flip tool to adjust the orientation if needed. To fine-tune the alignment, use Edit | Transform | Distort and move the corners of the image to match the anatomical structures independently. To make alignment easier, set the blending mode of the top layer to Overlay in the Layers Panel. Compare anatomical landmarks such as barrel outlines and blood vessels to ensure correct positioning. To save the stack, click on File |Save as |name the file and choose its format (PSD or TIFF)|OK.
 
3.3. Review the multiple sections containing the barrel field sequentially, identifying visible barrels in each section. 

3.4. Manually outline each visible barrel on an additional common layer, ensuring the reconstruction of the entire barrel field. To create an extra layer, click Layer |New |Layer |name the layer |OK. Select the Brush Tool from the toolbar. On the new layer, manually draw each visible barrel. For greater precision, use zoom and adjust the brush size as needed. To zoom in and out of the image, use the Zoom Tool or press Ctrl + "+" / Ctrl + "–". To change the brush size, right-click on the canvas while the Brush Tool is active and move the Size slider.

3.5. Identify the selected barrel based on this reconstruction.  
 
3.6. Find the selected barrel under the light microscope based on the pattern of the barrel field (five rows, each with four to seven barrels) and the arrangement of blood vessels that indicate its location within the barrel field.  
 
3.7. In each section with a visible barrel cortex, identify the selected barrel under a stereomicroscope and cut it out together with the adjacent one using a razor blade.  
 
3.8. Remove the small piece from the section, glue it on a resin block, and put it away to dry. Later, trim the excess resin surrounding the tissue.  
 
NOTE: Make sure to place the piece of tissue flat on the surface of the resin. 
 
3.9. Use an ultramicrotome and a diamond knife to cut ultrathin consecutive sections (3–6 sections, 65 nm thick) (Figure 3A), and collect on formvar-coated, single-slot nickel grids (2 x 0.75 mm).  

3.10. Once dry, contrast samples with 2% uranyl acetate for 3 min and 0.03% lead citrate for 1.5 min.  
 
NOTE: To contrast, it is important to wash the grids a few times and leave them to dry completely after each step.  
 
3.11. Take consecutive images from the hollow of the selected barrel (for example, B2) under a TEM (JOEL, JE with 80 kV accelerating voltage at 4K or 8K magnifications, depending on the area and volume required for analysis.  

NOTE: Usually, at least a total volume of 100 μm³ per animal is analyzed. 
 
4. Image analysis
 
NOTE: Creating and aligning stacks of TEM images can be done in the same way using both free software (like GIMP) and commercial one (e.g., Photoshop). Reconstructions, too, can be performed in the same way using both commercial software (e.g., 3D Studio Max) and completely free programs, such as Blender.

4.1. To estimate the density of synapses, stack a minimum of three TEM images in the graphics software (Figure 6). The greater the number of serial images, the higher the accuracy of the calculations. To open images, click File |Open, select the images using Shift |Open. The images will open in separate windows. For each image, right-click on Layer 1 |Duplicate Layer. In the dialog box, enter the image number as the name and choose one image as the destination |OK. Repeat the same steps for all the images and duplicate them in the same destination. To save the stack, click File |Save as |name the file and choose its format (PSD or TIFF) |OK.      
[bookmark: _Hlk199331857]
4.2.To align TEM images, select the top image layer| set the blending mode to Overlay in the Layers Panel. Use Edit |Transform |Rotate or Flip tool to adjust the image orientation. Use the Move Tool to align structures. For more precise adjustments, use Edit |Transform | Distort to move the corners of the image independently. To increase precision, hold Ctrl and drag individual corner points. Use changes in the size and shape of mitochondria and axonal myelin sheaths between successive TEM images to verify the correct sequence of the images.  

4.3. Use a dissector method for counting synapses. Add layer to the EM image stack |Layer |New |Layer |OK. Ensure the new layer is transparent (with no background fill). To define the analysis area, click Layer |New |Layer |OK, then select the Rectangle Tool |go to Layer |Layer Style |Stroke |set stroke color, thickness (Size), and position (Inside recommended) |OK |draw a rectangle. Mark all synapses present in the TEM images that do not cross two adjacent selected edges of the rectangle (e.g., the right and bottom or the top and left). Add a new layer for annotations |Layer |New |Layer |OK. Use the Brush Tool to mark synapses on the new layer. Use Zoom Tool and Move Tool for precise marking. Choose one color to mark excitatory synapses and a different one for inhibitory synapses. To change the color, click on the foreground color box in the toolbar |select a color in the Color Picker window |OK. 
 
4.4. If TEM images contain large structures (e.g., myelinated nerve fibers, large dendrites, or parts of the cell body), use a grid with multiple squares. This allows for the exclusion of any squares that are fully occupied by large structures. Add a new transparent layer |Layer |New |Layer |OK. Enable grid view |View |Show |Grid and enable snapping to grid |View |Snap to |Grid. Set grid spacing |Edit |Preferences |Guides, Grid & Slices. Select the Line Tool |set mode to Shape or Pixels |set line weight (e.g., 1 px) and draw vertical and horizontal lines along the visible grid to cover the entire image area.   
 
4.5. Define the "top" and "bottom" sections for each image stack. Count only synapses that are absent in the last image but present in the previous images. This allows for accurate identification of synapses without overestimating their number.  
 
4.6. Use the scale on the image and calculate the volume of the sample (stack of TEM images). Measure the area where the synapses are counted and multiply by the number of TEM images in the stack and the thickness of the ultrathin sections.
 
4.7. Divide the number of synapses by volume to determine the synapse density per unit volume. 
4.8. Use all TEM images containing a dendritic spine (usually 10–12 consecutive electron micrographs) to reconstruct a dendritic spine and the synapses it forms. Open the image stack in the graphics software. Select the Crop Tool| mark the area containing the dendritic spine in the stack| press Enter. The selected area will be cropped in all visible layers. Make only one visible at a time |hide other layers using the eye icon in the Layers Panel. Save each cropped image separately |File |Save as |name the file |choose a format (JPG recommended) |OK. Repeat for each layer in the stack.
NOTE: Before transferring the images to a 3D reconstruction software, it is best to first mark the elements that are being reconstructed with colors. Add a new layer for annotation |Layer |New |Layer | OK. Set the layer opacity to 30–50% in the Layers Panel. Select the Brush Tool |choose a different color for each structure (e.g., dendritic spine, synapse) |mark the elements. Work only on the new layer to preserve the original image. When finished, merge the annotation layer with the image |right-click on the top layer |Merge Down. Repeat these steps for each TEM image containing a cross-section of the dendritic spine.

4.9. Transfer the TEM images with visible cross-sections of the dendritic spine to 3D reconstruction software (Blender, version 4.4.3).  To delete the default Cube object right-click on the object |Delete. To align the viewport perspective before uploading images, click Z on the Navigation Gizmo or press Numpad 7. To upload images, click Add |Image |Reference |select the first image and double-click on it to confirm. Repeat for each image, ensuring that the viewport perspective remains consistent throughout. 

NOTE: To rotate the view, hold the middle mouse button |move the mouse or use the Navigation Gizmo. To pan the view, hold Shift + middle mouse button |move your mouse or use Move the view.

4.10. Arrange the TEM images at the appropriate distance, taking into account the thickness of the ultrathin sections (Figure 4A). To position the last TEM image along the Z axis, click on the image |Object Properties (right sidebar) |enter value in Location Z. The images may now be distributed between the first and the last image. To distribute them, select all images| press N to open the N-panel |Edit tab (in the N-panel) |Dist Z.

NOTE: Before making any adjustments, align the viewport perspective |click Z on the Navigation Gizmo or press Numpad 7.

NOTE: The Distribute tool must be enabled to distribute the images. To activate it, go to Edit |Preferences |Get Extensions |Search “Distribute” |Install. Once enabled, the Distribute tool remains active across sessions and does not need to be reactivated, as long as the same version of the program is used.
4.11. Manually outline the shape of the dendritic spine on each image using a single curve per TEM image (Figure 4B,C). Make sure only the first TEM image is visible. In the Scene Collection, hide all other objects using the eye icon. To create a base curve for the outline, click Add |Curve |Circle. Move the BézierCircle object |hold G |move the mouse and click to accept the changes. To match the size of the dendritic spine profile, scale the object |hold S |move the mouse and click. Enter the Modeling tab with the BézierCircle object selected. Align the viewport perspective again |click Z on the Navigation Gizmo or press Numpad 7. To adjust the shape of the curve, select a control point |hold G |move the mouse and click. To adjust the direction and strength of the handles, select a handle point |press G to move or S to scale and click to confirm. Repeat for each point. To add a new control point, select two existing control points |hold Shift and click each |right-click |Subdivide. When the curve corresponds to the boundary of the dendritic spine profile sufficiently, enter the Layout tab |right-click the BézierCircle object |Duplicate Object |click without moving the mouse. Create the same number of BézierCircle copies as there are TEM images used for reconstruction. Align them with the arranged TEM images using the Distribute tool as in step 4.10. Adjust each BézierCircle curve in the Modeling tab to match the dendritic spine profile in each image. Make sure only the currently edited BézierCircle object and corresponding TEM image are visible at a time.
NOTE: All right-click actions required for certain steps must be performed within the scene boundary.NOTE: The successive curves must correspond to the boundaries of consecutive dendritic spine sections and contain the same number of control points.4.12. Connect adjacent lines using the 3D reconstruction function to form a continuous surface and create the final 3D shape (Figure 4D). Make sure only the BézierCircle objects are visible. In the Scene Collection, hide all other objects using the eye icon in the Sidebar. To create the dendritic spine object, go to Layout tab |select all BézierCircle objects |right-click |Join. Convert the joined object to a mesh, right-click |Convert To |Mesh. To connect the edges of the joined object, enter the Modeling tab |press 2 to enter Edge Select mode |Select |All |right-click |Bridge Edge Loops. To fill the gap at the top the object, deselect all by clicking next to the object |hold Alt and click one edge section of the top ledge |right-click |Extrude Edges |drag upward on the Z axis |press S and move the mouse to shrink the new edge loop, click to accept the change. While the new edge loop is still selected, right-click |New Face from Edges. Fill the bottom gap using the same method. To smooth the object, enter the Layout tab |right-click |Shade Smooth. To further smooth the shape, go to Modifiers (right sidebar) |Add Modifier |Generate |Subdivision Surface. Set both the Viewport and Render levels to the same value (recommended 1). 
 
4.13. Repeat steps 4.11–4.12 for synapse reconstruction (Figure 4E,F). 
 
4.14. Assign a color to each structure and use the rendering function to prepare the final image (Figure 4G,H). Go to Viewport Shading menu and select Rendered to preview material changes. Select the object to be colored |Material (right sidebar) |New |adjust Base Color. To refine the material appearance, adjust Roughness or Metallic sliders as needed. Use this method to assign a distinct color to each structure. To adjust scene lighting, click on the Light object |hold G and move the mouse to reposition it. To change light intensity, go to Data (right sidebar) |adjust the Power value. To position the Camera, orient the viewport to face the reconstructed spine as it should appear in the final image |press Ctrl + Alt + Numpad 0. Select the visible Camera frame, hold G and move the mouse to reposition it if necessary. To prepare for rendering, go to the Output (right sidebar) |change Resolution X and Y values to match your desire image. To improve image quality, go to Render (right sidebar) |Render |adjust Samples value to between 120-250. For a transparent background, go to Render |Film |check Transparent. To render the image, press F12 or go to Render (upper menu) |Render Image.

REPRESENTATIVE RESULTS:
To properly apply our method to the analysis of circadian synaptic changes, it is necessary to begin by selecting at least four time points at equal intervals, with two points for each phase of the animals’ activity (every 6 h). At these designated time points, the animals are sacrificed, and their brains are collected. This approach allows for the identification of daily or circadian patterns of synaptic plasticity and links them to changes in the animals’ locomotor activity (Figure 1). Using only two time points permits the analysis of differences in synaptic density between activity phases but may not accurately reflect the real pattern of synaptic changes. Power analysis for detecting circadian effects indicated that a group size of five animals per time point was sufficient to achieve statistical power exceeding 0.9. This sample size was considered optimal to balance statistical robustness with ethical considerations regarding animal use. 

The structure of the mouse somatosensory cortex allows precise and repeatable selection of the study location, and it is visible even in an unstained brain (Figure 5A). Furthermore, our method enables the reconstruction of the entire barrel field using graphics software, even when individual barrel rows are distributed across consecutive sections, making it difficult to unambiguously identify the selected barrel by examining single sections (Figure 5B). It is essential to always use the same hemisphere (right or left) because synaptic density can be different between the hemispheres27.

Consecutive ultrathin sections captured as images in TEM allow for precise differentiation between inhibitory and excitatory synapses. While synapses can often be identified from a single image, using a series of images greatly facilitates the process. Typically, 3–5 serial images per series are sufficient to reliably distinguish excitatory from inhibitory synapses by the criteria we use. However, with fewer sections, a small proportion of synapses may remain unclassified (Figure 6). Increasing the number of ultrathin sections and corresponding TEM images in the stack enhances confidence in synapse identification and counting accuracy. 
                                                         
The 3D reconstruction of dendritic spines, based on serial ultrathin sections, provides an additional means of visualizing changes in spine shapes (Figure 7A). Assigning a dendritic spine to a specific shape relies on geometric measurements of the length of the spine and its neck and the diameters of the spine head and neck (Figure 7B). 

FIGURE AND TABLE LEGENDS: 
Figure 1: Daily and circadian locomotor activity. Representative periodograms show the average running-wheel activity of mice over 10 consecutive days in (A) 12 h of light and 12 h of dark (LD 12:12) and (B) constant darkness conditions. Arrows indicate the selected time points: at the beginning of the day (ZT0)/subjective day (CT0), in the middle of the day (ZT6) /subjective day (CT6), at the beginning of the night (ZT12)/subjective night (CT12) and in the middle of the night (ZT18)/subjective night (CT18). Yellow arrows represent time points in the light phase, while black arrows indicate those in the dark phase. This figure was adapted from Jasińska et al.9. Abbreviations: LD = light dark; DD = constant darkness; ZT = Zeitgeber time; CT = Circadian time. 

Figure 2: Sample preparation and steps for cutting and imaging the brains. (A) The cerebellum is removed from the brain. (B) The brain is divided into two hemispheres. The selected hemisphere is further cut at a 15 angle. The hemisphere is positioned with its medial surface (the surface adjacent to the other hemisphere) facing downward, ensuring that additional sectioning is performed from the bottom (ventral side) of the brain. (C) One hemisphere of the brain is glued to the vibratome chuck. (D) Cutting starts from the cortex and continues until it passes through the hippocampus, extending until the next section no longer contains barrels. The black arrow indicates the hippocampus. (E) During the cutting process, sections are observed under a light microscope (4x objective magnification, scale bar= 0.5 mm) and those with clear barrel fields are selected (dashed box). (F) After post-fixation of the slices with OsO4, the barrel field is imaged under a light microscope (2x objective magnification, scale bar= 0.5 mm), (G) 10x objective magnification, scale bar= 0.2 mm. (H) 20x objective magnification, scale bar= 0.2 mm.

Figure 3: Ultrathin sectioning and image acquisition. (A) Consecutive sections (65 nm) are cut and collected on single-slot grids. (B) Inhibitory synapses are characterized by a symmetric, uniformly thin postsynaptic density (scale bar = 0.4 μm) (C,D) Excitatory synapses are identified based on the thick postsynaptic density (scale bars = 0.6 μm). (E) Dendritic spines (transparent purple), excitatory synapses (red boxes), excitatory bouton (transparent green), and dendritic shafts (transparent yellow) are shown in the image (scale bar = 1 μm).

Figure 4: Three-dimensional reconstruction of a dendritic spine. (A) Stack of images containing cross-sections of the entire dendritic spine, arranged at appropriate distances for reconstruction. (B) Cross-section of the spine (blue) with the excitatory synapse (red); spine boundaries are outlined. (C) Sequential contour splines outline the entire spine. (D) Three-dimensional reconstruction of the dendritic spine. (E) Synapse contours are visible in four consecutive images. (F) Three-dimensional reconstruction of the spine, including the synapse. (G) Camera positioning during rendering. (H) Final rendered image of the dendritic spine.

Figure 5: Barrel field visualization. (A) Fragment of the barrel field visible in a single 60 µm-thick section, captured using a light microscope in an unstained brain (4x objective magnification, scale bar= 0.5 mm). (B) Reconstruction of the barrel field made based on images from resin-embedded brain slices (2x objective magnification, scale bar= 0.5 mm). Barrel B2 is highlighted in yellow.

Figure 6: Serial electron micrographs (ordered from left to right) of the B2 barrel hollow. Three to six consecutive TEM images are stacked and aligned for synaptic counts, while 10–12 sections are used for dendritic spine reconstructions. The distinction is based on the morphology of the postsynaptic density and synaptic vesicles. The red boxes indicate the selected spines and synapses for the reconstruction. Scale bar = 2 μm.

Figure 7: Morphology of single- and double-synapse spines. 3D reconstructions of dendritic spines illustrating various shapes: (A) thin, (B) stubby, (C) mushroom, (D) intermediate. Figure adapted from Jasinska et al.7. (E) A dendritic spine with marked parameters essential for determining its shape: head diameter and neck diameter, neck length, and total spine length. The red region represents an inhibitory synapse, while the green region represents an excitatory synapse. Scale bars = 0.5 μm. Figure adapted from Jasinska et al.8.

DISCUSSION: 
Here, we presented the methodology used for studying the circadian plasticity of synapses and the reconstruction of dendritic spines in the barrel cortex of mice. To ensure reliable results, the circadian plasticity study should include at least four time points. Our research showed that data from two time points—one during the rest phase (day) and one during the activity phase (night)—provided information on the daily differences between the activity phases of animals under LD 12:12 conditions. Total synapse density (both excitatory and inhibitory) was 21% higher during the rest phase (sleep) compared to the activity (motor activity) phase. Furthermore, the number of excitatory synapses increased by approximately 40% during the rest phase compared to the activity phase, while inhibitory synapses were 26% more abundant during the activity phase 5.

Expanding the analysis to four time points enabled the identification of a daily pattern of synaptic plasticity. Total synapse density gradually decreased after the beginning of the day, reaching its lowest level at ZT18, corresponding to the middle of the night. A similar trend was observed for excitatory synapses, with an even more pronounced decline. In contrast, inhibitory synapses displayed an opposite pattern, progressively increasing from ZT0 to ZT18 6.

It is also important to analyze synaptic changes under different light conditions, LD 12:12 and DD, as comparing the results allows concluding the influence of internal factors and light on the ongoing processes. The results obtained under LD 12:12 conditions provide insights into the diurnal plasticity of synapses 5. Adding DD conditions in experiments enabled further exploration of the role of the circadian clock in driving the observed synaptic changes. In DD conditions, total synapse density was higher by ~11% during the activity phase, as was the density of inhibitory synapses, which increased by 75% during the activity phase compared to the rest phase. In contrast, the number of excitatory synapses remained unchanged under these conditions. When comparing the results between both conditions, we concluded that excitatory synapses are influenced by light, whereas inhibitory synapses are regulated by the endogenous circadian clock 6. The use of four time points revealed changes in the density of excitatory synapses. The number of excitatory synapses increased in the middle of the subjective night (activity phase) in DD, remained high at the beginning of the subjective day (rest phase), and then decreased, reaching a minimum at the beginning of the subjective night 9. 

The distinction between excitatory and inhibitory synapses is based on the thickness of the postsynaptic density compared to the presynaptic active zone (a clearly wider the postsynaptic density than the active zone in excitatory synapses versus similarly wide lines in inhibitory synapses) and the morphology of synaptic vesicles (large and round vesicles in excitatory synapses versus smaller and oval vesicles in inhibitory synapses). Synapses are defined by thick membranes on the two opposite sides, with a visible cleft between them and a presynaptic component that has at least three recognizable vesicles 15. Validation of synapse classification was achieved using the post-embedding immunocytochemistry method for GABA, which effectively identifies inhibitory synapses 14,15. To count synapses in the stack of TEM images, the dissector method is used 24,25. Thorough sample preparation enhances the precision of synapse type differentiation, while the application of stereological methods for synapse counting ensures accurate estimation of their number 14,15.

The analysis of geometric parameters and 3D imaging based on serial electron micrographs allows finding additional information revealing changes in spine shapes occurring in both daily and circadian cycles. We identified three primary spine shapes (stubby, thin, and mushroom) as well as intermediate forms (stubby-thin and thin-mushroom). Significant daily and circadian shape changes were observed, regulated according to spine type: shape changes in single-synapse spines are controlled by the circadian clock and modulated by light, while changes in double-synapse spines are influenced primarily by light 7. The method also enables the unequivocal distinction between dendritic spine and dendritic shaft 14,15 (Figure 2D). Overall, large, mature spines are preferentially formed during the light phase. This appears to be more related to the increased synaptic strength associated with large spines rather than their role in memory storage. Thin and mushroom-shaped single-synapse spines exhibit greater stability compared to stubby single-synapse spines, which show the highest variability. All types of double-synapse spines display a similar level of stability 7.

[bookmark: _Hlk199311573]Sample preparation for TEM is a critical process that directly affects the quality and interpretation of the images and data. Cutting serial sections with consistency, precision, and structural preservation is crucial, as it is required to properly reconstruct a 3D image of the structure within the sample. The inconsistency in the thickness of even a single section can make it challenging to use for the 3D reconstruction. Differences in thickness across a single section or sequential sections may lead to inconsistent electron penetration. As a result, the stack of images may exhibit unpredictable contrast and distortions on the Z-axis during 3D reconstruction, which makes quantitative analysis difficult and inaccurate. Another factor that may impact image quality is contamination, including dust, oils, and other residues adhering to the sample surface or penetrating the section. Therefore, it is essential to handle tools carefully and use powder-free gloves, avoid touching the sample or grid surface with ungloved hands, and clean the diamond knife thoroughly. 

Although the 3D reconstruction of serial TEM images is a complex process that includes several crucial and challenging steps, from sectioning and imaging to alignment and segmentation, it is important to optimize every stage from fixation to final image analysis and 3D reconstruction by strictly following the protocol. The process of sample preparation for TEM is time-consuming and requires exceptional attention to detail. However, it provides highly precise data. An additional advantage of this method is the ability to precisely select the research location and image the tissue in high resolution. At the same time, this level of precision inherently limits the scope of analysis to a representative but restricted area. While TEM provides structural information, it does not offer functional insights into the dynamic processes occurring at synapses. Serial TEM sections and 3D image reconstruction allow for the visualization of cytoplasmic structures such as the Golgi apparatus and mitochondria and reveal how their structures may vary depending on cell type and experimental conditions.

[bookmark: _Hlk199322235]The alternative method for studying synaptic plasticity, which includes immunofluorescence techniques combined with confocal microscopy imaging, also has many limitations. The most serious of these are low specificity and sensitivity of some antibodies, decreasing fluorescence intensity over time, and limited spatial resolution of confocal laser scanning microscopes, which leads to partial and distorted results. In this context, transmission electron microscopy remains the gold standard in synaptic plasticity studies due to its unparalleled resolution, enabling detailed visualization of ultrastructural elements crucial for understanding synaptic changes. Despite limitations such as the need to work with ex vivo samples, the complexity of the methodology, and the high level of skill required for data analysis, its use continues to improve 20,28,29. 

The individual stages of our method can be broadly applied to investigating neuroplastic changes, extending beyond the study of alterations in the circadian cycle. Notably, this approach may be utilized in research involving animal models of shift work or other acute disruptions of circadian rhythms, such as models of jet lag, as well as in a wide range of studies related to neurological diseases or age-related changes. This is particularly relevant since it is well known that circadian rhythm disturbances are associated with numerous neurodegenerative diseases and neurological disorders 30,31. Moreover, this relationship is bidirectional—disruptions of the circadian rhythms may contribute to health deterioration, while on the other hand, progressive neurological changes can influence circadian rhythmicity 32,33,34. Additionally, circadian synaptic changes are modified with age, as ageing is associated with numerous dysfunctions of the mechanisms regulating circadian rhythms at various levels 35. In addition to the application of our method in studying synaptic structure and circuits in different regions of the brain, reconstructing synapses in 3D can help researchers understand how synaptic connections change during learning or neurodegenerative disorders. 
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