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SUMMARY: 
This study presents an in vivo two-photon imaging approach for visualizing the structures of low-threshold mechanoreceptor (LTMR) axon terminals in the forepaw skin of mice. Using repeated, high-resolution imaging of individual axons, this method provides a new platform for studying the structure and function of the cutaneous sensory circuit during development and in adults. 

ABSTRACT:
Low-threshold mechanoreceptors (LTMRs) are somatosensory neurons that detect innocuous light touch stimuli such as vibration, hair deflection, and pressure. They form subtype-specific terminals in the periphery and project axons centrally to the spinal cord to transmit tactile information. Current understanding of LTMR development and organization comes from fixed tissues that cannot reveal the dynamic and temporal processes of axonal wiring and remodeling. Here, a two-photon imaging method is presented for visualizing LTMR axon morphology in the mouse forepaw during development and in adults. Two-photon microscopy can achieve high-resolution imaging within intact skin, enabling repeated imaging of the same axon terminals across postnatal time points. Two-photon imaging can be combined with new mouse genetic tools to reveal axon development with subtype-specificity. Chronic imaging of LTMRs enables studies of circuit assembly and repair following injury. These approaches provide an in vivo system that will provide new insights into the cellular mechanisms that regulate somatosensory axon development and regeneration.

INTRODUCTION:
Touch is the earliest sense to develop and plays a central role in how organisms experience and respond to the physical world. Touch is detected by low-threshold mechanoreceptors (LTMRs), which are subtypes of dorsal root ganglion (DRG) neurons that detect innocuous mechanical stimuli, including indentation, vibration, and hair deflection1,2. LTMRs are pseudounipolar and extend peripheral axons into the peripheral tissues to form subtype-specific terminals. Their central axons relay tactile information to the central nervous system by forming synaptic connections with spinal cord neurons3. However, how touch circuits are established and maintained is poorly understood.

Earlier foundational studies in cats during the 1960s and 1970s first identified these functionally distinct mechanoreceptors and their response properties in hairy skin4,5. LTMR subtypes are classified by their unique morphology, conduction velocity, and response properties2. The major LTMR subtypes are Aβ rapidly adapting (RA) and slowly adapting (SA) LTMRs, Aδ-LTMRs, and C-LTMRs2,6,7. Aβ RA-LTMRs, Aδ-LTMRs, and C-LTMRs form longitudinal lanceolate complexes around hair follicles2. Aδ-LTMRs form polarized lanceolate endings around hair follicles on the caudal side, a feature essential for their direction-selective responses to hair deflection7. Axonal endings in the lanceolate complexes are closely aligned with hair shafts and are enveloped by finger-like processes from terminal Schwann cells, which provide trophic support and influence axonal morphogenesis8–10. In glabrous skin, Aβ RA-LTMRs axons terminate in Meissner corpuscles, which are ovoid-shaped structures located within dermal papillae that are tuned to motion across the skin2,11.

The organization of LTMR axonal terminals is regulated by both intrinsic programs and skin-dependent cues during development12,13. When damaged, LTMR dysfunction is associated with pathological conditions such as mechanical allodynia12,14. Yet, the mechanisms for LTMR development and maintenance in the intact skin remain unclear. Much of what is known about their development stems from fixed tissues, which cannot capture the dynamic processes that may take place in vivo6,15–18. For example, Aβ RA-LTMRs and Aδ-LTMRs exhibit active innervations around hair follicles and axonal pruning during early postnatal development19. How hair follicle innervation and maintenance are achieved in vivo remains unknown.

[bookmark: _heading=h.77nu6hc7kfkj]Two-photon laser-scanning microscopy, an advanced imaging technique that allows visualization of fluorescently labeled structures within living tissues, has enabled high-resolution in vivo imaging of dynamic physiological processes20,21. During two-photon imaging, brief pulses of near-infrared light excite fluorophores only at the focal plane, thereby confining the signal to a small volume and minimizing out-of-focus fluorescence21,22. This confinement significantly reduces phototoxicity and allows three-dimensional, spatially resolved imaging of structures20,23,24. Furthermore, the longer excitation wavelengths used in two-photon microscopy scatter less within tissue, allowing for deeper penetration and lower noise in complex environments20,25,26. For example, two-photon imaging revealed structural synaptic plasticity and neuronal activities in spinal cord dorsal horn neurons27–29. In addition, chronic in vivo two-photon imaging of hair follicles revealed insights about their homeostasis in the mouse ear skin23. Hence, two-photon microscopy is well-suited for studying LTMR structures in the skin in vivo, especially when repeated, long-term imaging is required to track developmental and chronic changes.

When paired with genetically modified mouse lines expressing fluorescent reporters, two-photon microscopy can reveal neuronal morphology in the skin3. In the somatosensory system, yellow fluorescent protein (YFP) expressed under the control of the thy1 promoter (Thy1-YFP)30 selectively labels Aβ-LTMR lanceolate complexes in hairy skin and Meissner corpuscles in glabrous skin30,31. Thy1-YFP labeled axons are positive for myelin basic protein and neurofilament, which are markers for myelinated Aβ axons30,31. Additionally, TrkBCreER, in which tamoxifen-inducible Cre recombinase (CreER) is driven by the expression of the TrkB (tropomyosin receptor kinase B) gene, selectively labels Aδ-LTMRs during development7. In the skin, two-photon microscopy is most effective for imaging LTMRs in anesthetized mice, as movement by the mouse would impact the high-resolution imaging acquisition. It takes time to visualize fluorescent proteins at the axonal terminals after CreER-induced expression, and the minimum waiting period needs to be determined for each transgenic line. In general, this methodology can be applied to visualizing LTMRs across mice of all developmental stages and in adults.

This protocol explains the procedures for using two-photon microscopy to investigate LTMR axon morphology in the hairy and glabrous skin of developing and adult mice at high resolution. The protocol includes several tips for optimal high-resolution and chronic imaging. This integrative approach enables investigation of the cellular mechanisms driving the assembly and plasticity of touch sensory axons in vivo.

PROTOCOL: 
All experimental procedures were performed in compliance with institutional animal care regulations and were approved by the Institutional Animal Care and Use Committee (IACUC) at Vanderbilt University. For the safety of the experimenters, all the procedures were performed with lab coats, sterile gloves, and masks. All tools were sterilized thoroughly prior to use, and all experimental surfaces were cleaned with 70 % ethanol before and after each experiment. The mice used in this study were adolescents and adult animals of both sexes and were derived from strains of Thy1YFP, TrkBCreER, and Ai140. The reagents and the equipment used are listed in the Table of Materials.

1. Preparation of instruments

1.1. Turn on the laser. Allow ample time for the laser to warm up. In this work, the Chameleon Discovery NX laser was used, which has a pulse duration of 100 femtoseconds (fs) and a repetition rate of 80 ± 0.5 megahertz (MHz). 

1.2. Turn on the two-photon microscope and open the control and acquisition software on the computer.

1.3. Turn on the heating pad and set it to 37 °C to prevent hypothermia during anesthesia.

2. Preparation of anesthesia and the forepaw for imaging

2.1. To induce anesthesia, place the mouse in the induction chamber and set the system to 3.5% isoflurane until the mouse loses its righting reflex and shows smooth, regular respirations (following institutionally approved protocols). Room air is used as a carrier and should be set to 1.0 liter per minute (L/min).

2.2. Place the mouse on the heating pad on the imaging platform and reduce the isoflurane to 1.5% and oxygen to 0.5 L/min. Isoflurane should be delivered through the nose cone. For mice younger than postnatal day 20, isoflurane is set to 2%–4 % to maintain anesthesia. Monitor anesthetic depth every 10 min by assessing loss of the pedal and palpebral reflexes, respiratory rate and depth, and overall muscle tone.

2.3. To minimize movement artifacts during imaging, including breathing-related motion, the mouse should be placed on a separate stage from the paw. For this protocol, the mouse body rests on a platform directly adjacent to, but not touching, the imaging platform where the paw is mounted. 

2.4. Apply ophthalmic ointment to the eyes to prevent dryness during imaging.

2.5. Gently apply depilatory cream to the paw using a cotton swab to remove the hair. After letting it sit on the skin for a minute, remove the cream, and then clean the mouse paw with 70% ethanol and water. 

2.6. [bookmark: _Int_vINF3R42]Gently stretch the skin with one hand to stabilize the skin surface. Using a sterile 30 G needle and black ink, gently pierce the skin and tattoo with two adjacent dots on either side of the intended image region. Ensure the dots are spaced about 2 millimeters (mm) apart. After the tattooing is completed, properly dispose of the needle in a sharps container. 

2.7. On a glass microscope slide, place four dots of vacuum grease on the corners and place a small piece of clay (e.g., DAS Air-Hardening Modeling Clay) approximately 1 mm thick in the middle of the slide. Place the slide under the objective lens and center the mouse’s paw directly on the piece of clay (Figure 1A,B). 

2.7.1 Gently roll the mouse’s paw on the slide to flatten it and press it into the clay. Carefully place a 22 mm x 60 mm coverslip on top of the paw to secure the slide. Adjust the angle of the mouse skin by putting light pressure on each of the corners of the coverslip until the surface of the coverslip and skin are parallel to the imaging plane. Using gentle force during imaging helps prevent potential skin injury. 

2.8. For imaging the glabrous skin, place the slide under the objective lens and center the mouse’s paw on the slide as detailed in step 2.7. Use tweezers to rotate the paw so the glabrous skin faces up. Use the flat end of the tweezers to gently press the paw into the clay. Once the paw is flat, place the coverslip on top and press down as described in step 2.7. 

3. Two-photon microscope imaging of LTMR morphology

NOTE: The following parameters can be adjusted based on the specific experiment. For this experiment, a 20x water-immersion objective lens with a numerical aperture of 1 and a working distance of 2.00 mm was used. Steps 3.1-3.6 describe the specific parameters used for the Thy1-YFP mice's right forepaw, which can serve as a reference guide.

3.1. Place a drop of distilled water on the coverslip, directly over the mouse paw. 

3.2. Lower the objective lens until a water column is formed.

3.3. Once the objective lens is centered over the mouse paw, close the microscope box and use the LED screen to focus on the sample via the X, Y, and Z controllers. The LED screen displays a live image illuminated by the microscope’s built-in LED. 

NOTE: It is used to confirm that the objective lens is centered on the field of interest before switching to two-photon mode. The LED image shows surface features such as blood vessels and hair follicles, serving as a visual guide for alignment and targeting rather than fluorescence imaging. The tattoos on the mouse paw appear as black spots on the LED screen. Using these landmarks, find and focus on the area between the black spots. This ensures that the same area of the mouse paw is imaged repeatedly.  

3.4. Once the sample is found, turn off the LED screen. To perform two-photon imaging from the tissue, switch the microscope from the mirror setting to the dichroic setting by flipping a lever on the upper-right side of the microscope. 

3.5. Close the blackout curtains and switch on the detector to visualize YFP.

3.6. Using Prairie View, open the shutter, and switch the software to imaging mode. For imaging Thy1-YFP, turn on the tunable laser set at 960 nanometers (nm) to a gain of 700–800. When imaging GFP, set the tunable laser to 920 nm. 

3.6.1 For postnatal day 10 or younger mice, set the initial laser power to 50, increasing until the desired signal intensity is achieved. This lower initial laser power minimizes light penetration and the risk of photodamage. After the laser wavelength, gain, and power are set, begin scanning. 

NOTE: For capturing a high-resolution 1.00x field-of-view image or an image of Meissner corpuscles in glabrous fingertips, it is recommended to use an image size of 1024 x 1024 with an imaging field of view of 601.9 µm x 601.9 µm, and a pixel size of 0.588 µm x 0.588 µm. For imaging lanceolate endings around hair follicles, it is recommended to have an image size of 1024 x 1024 at 8.00x zoom, an imaging field of view of 75.2 µm x 75.2 µm, and a pixel size of 0.147 µm x 0.147 µm. It is important to note that the imaging field of view and pixel size change with the zoom setting. 

3.7. Use the X, Y, and Z controllers to find the imaging field, adjust the zoom as needed, and start image acquisition. An optimal image is typically obtained at a starting position about 10–20 µm under the skin surface. 

NOTE: A high-resolution image of the hairy skin typically has a step size of 1 µm or 2 µm with approximately 40–120 slices. Meanwhile, a high-resolution image of the glabrous skin typically has a step size of 2 µm to 4 µm with approximately 80–100 slices. This results in a typical z-range of 100–250 µm, and the overall maximum imaging depth is approximately 300 µm. 

3.8. The imaging session will be limited to 25 min to minimize the duration of isoflurane exposure and reduce the risk of anesthesia-related adverse effects to the animal. The extra isoflurane is absorbed by an anesthesia charcoal filter canister, which can be disposed of in regular trash. 

4. Postoperative care

4.1. Remove the mouse paw from the glass slide and return the mouse to a recovery cage.

4.2. Keep the mouse cage warm on a heating pad until the mouse fully recovers from the anesthesia.

4.3. Place the mouse back into its home cage, observing the mouse for an additional 30 min to ensure the mouse integrates with its cage mates. 

5. In vivo chronic imaging of LTMR morphology 

5.1. Place the mouse under the two-photon microscope by following steps 2.4–3.3.

5.2. Using the LED screen, locate the ink dots from the previous imaging session. Orient the screen between the dots to ensure that the desired area is captured. During scanning mode on the microscope, check for landmarks, such as large nerves or hair follicle patterns, to ensure locating the same area. 

5.3. Once the imaging area is found, follow steps 3.4–3.6 to continue imaging.

5.4. Check the quality and intensity of images, as well as the morphology of major axons, obtained by two-photon excitation of the skin area. Ensure that the image fields are comparable to those taken during the previous imaging session. 

RESULTS: 
In this work, two-photon microscopy was used to visualize Aβ RA-LTMR and Aδ-LTMR axonal structures in the skin during development and in adults. Mature lanceolate endings, occurring in mice about postnatal day 20 and older, are fully developed19,32. The overall organization of axon terminals in the hairy skin of adult mice was imaged, as shown in the maximum intensity projection (Figure 2A). The depth and shape of these axon terminals can be viewed using a three-dimensional reconstruction, which includes Aβ field-LTMRs, Aβ RA-LTMRs, and some unidentified Aβ subtype axons (Movie 1). Within this imaging field, hair follicles can be identified by their autofluorescence (Figure 2A). Lanceolate endings can be visualized around guard and awl/auchene hair follicles with a density of 15.8 endings/mm2 and imaged further at high resolution (Figures 2B and 2D). Individual Aβ RA-LTMR lanceolate endings can be visualized in single z-planes (Figure 2E). In the hairy skin of the finger, immature lanceolate endings at P10 were imaged, with fewer Aβ-LTMR lanceolate axons (Figure 2F). Individual z-planes revealed sparse nascent lanceolate endings (Figure 2G). 

Aδ-LTMRs are characterized by lightly myelinated somatosensory axons and can be selectively labeled by the combination of TrkBCreER and Ai140 reporter during development7. To visualize Aδ-LTMRs, pregnant females were treated with 0.3 mg tamoxifen at embryonic day 12.5 to ensure selective labeling of Aδ-LTMRs. By postnatal day 5, Aδ-LTMR axons form lanceolate endings around non-guard hair follicles19. A maximum intensity projection of mouse hairy skin illustrates one of these nascent crescent-shaped endings innervating a hair follicle at postnatal day 4 (Figure 2C). Notably, the pigmentation and autofluorescence of the developing skin were lower than those of adult mice, making the developing skin an ideal system for investigating somatosensory neuron development.

In the glabrous skin, Thy1-YFP selectively labels Aβ-LTMR axons that form Meissner corpuscles embedded in dermal papillae. To reduce background skin autofluorescence during imaging, the mouse paw was flattened against the coverslip, and the surface of the skin was cleaned with 70% ethanol and water. Meissner corpuscles are ellipsoid in shape, consisting of stacked lamellar cells associated with sensory axon terminals2. A maximum intensity projection image illustrates Aβ RA-LTMR innervation of Meissner corpuscles in the fingertip of an adult mouse (Figure 2H). Individual optical sections highlight discrete axon terminals at different depths within the skin (Figure 2I). Meissner corpuscles appeared as elongated ellipsoids located just beneath the epidermis, and a three-dimensional reconstruction shows their axon terminals branching through stacks of lamellar cells (Movie 2), consistent with prior anatomical observations9,33. Occasionally, skin autofluorescence would occur that could not be eliminated by cleaning the paw. In these cases, the fingertip skin was not imaged. 

This technique can consistently image the same area of hairy skin over multiple days (Figure 3). Nerve bundles appear both thicker and brighter than the surrounding region, as indicated by the red arrows (Figures 3A–C). The exact shape of the nerve bundles may appear slightly different across imaging sessions, possibly due to differences in paw positioning, flatness, and the coverslip contact area. Nonetheless, high-resolution images of the same axonal morphologies around hair follicles were obtained over 3 days (Figures 3D–F).  

To ensure optimal image quality, imaging sessions should be limited to 30 min to minimize photobleaching and allow optimal anesthesia recovery. Prolonged anesthesia may result in irregular breathing, which can lead to motion artifacts during imaging. Laser power should be adjusted based on the mouse's age, skin type, and the expression level of the fluorescent reporter. Using effective minimal laser power minimizes the risk of tissue damage through local heating. In these imaging sessions, there was no observable difference in the required laser power when imaging mice between P10 and P61 (laser power 130, n = 9). However, for neonatal mice younger than 5 days old, the laser power was decreased to a range between 100 and 125 due to less autofluorescence in their skin. The optimal image settings used for the data collection in this study are included in Table 1.

Altogether, these findings not only validate the ability of two-photon microscopy to reveal LTMR structures in intact hairy and glabrous skin but also establish a framework for studying LTMR development, function, and potential remodeling in disease or injury.

FIGURE AND TABLE LEGENDS:

Figure 1: Schematic diagrams of the two-photon setup. (A) Schematic of the overall microscope and laser setup. (B) Photo showing the mouse anesthetized on the stage and the mounted paw before imaging. 

Figure 2: In vivo imaging of axon terminals in Thy1-YFP adult mice. (A) Maximum intensity projection of a hairy skin image stack with 1 µm thickness taken from the hairy skin in the right forepaw (P20). (B) Representative lanceolate ending density measured in the hairy skin of mouse forepaws. The average lanceolate ending density was 15.8 endings/mm2 (SD = 3.574, SEM = 1.032, 95% CI = 13.54 - 18.09, n = 93 lanceolate endings across 3 animals). Data were included based on a clear visualization of lanceolate terminal endings around hair follicles, which were identified in 100 % of the imaging field. (C) Maximum intensity projection of a sparsely labeled Aδ-LTMR in the forepaw hairy skin at postnatal day 4. The red arrowhead points to a hair follicle (HF). Aδ-LTMRs are selectively labeled by TrkBCreER, which drives the expression of an Ai140 reporter. (D) Maximum intensity projection of a longitudinal lanceolate complex (P39). (E) Selected focal planes showing individual lanceolate endings at a high resolution, each separated by 3 µm in z-planes. (F) Maximum intensity projection of an immature longitudinal lanceolate complex (P10). (G) Selected focal planes showing an immature lanceolate ending at high resolution, each separated by 4 µm (P10). Arrows indicate developing Aβ RA-LTMRs. (H) Maximum intensity projection image of Aβ RA-LTMRs in the Meissner corpuscles in a glabrous fingertip in the Thy1-YFP mouse (P52). (I) Individual frames taken from a glabrous fingertip image stack acquired at 4 µm z-steps, showing Aβ RA-LTMRs endings in Meissner corpuscles (P52). Arrowheads point out Aβ RA-LTMRs in individual Meissner corpuscles. Mice of both sexes were included in the data, N ≥ 3 animals per condition. None of the images underwent any motion correcting or noise filtering. The raw images were converted to a maximum-intensity projection in ImageJ 1.54g, and brightness and contrast were adjusted to optimize visualization of the signal. 

Figure 3: In vivo chronic imaging of axon terminals in Thy1-YFP adult mice. The red arrows point to the individual axonal structures used to confirm the same region. Maximum intensity projection of a hairy skin image stack (1 µm optical section thickness) acquired from the dorsal surface of the right forepaw of a mouse on (A) day zero (P38), (B) day one (P39), and (C) day two (P40) of imaging. Higher resolution maximum intensity projection of a hairy skin image stack (1 µm optical section thickness) from the right forepaw of a mouse of (D) day zero (P59), (E) day one (P60), and (F) day two (P61) of imaging. Mice of both sexes were included in the data set (N = 5 animals). None of the images underwent any motion correcting or noise filtering. The raw images were converted into a maximum intensity projection using ImageJ 1.54g, and the brightness and contrast were adjusted to optimize signal visualization. 

Table 1: Example imaging settings

Movie 1: Three-dimensional reconstruction of axon terminals in the hairy skin of Thy1-YFP adult mice, created using Imaris. 

Movie 2: Three-dimensional reconstruction of Meissner corpuscles in the glabrous skin of Thy1-YFP adult mice, created using Imaris. 

DISCUSSION:
This study demonstrates the use of two-photon microscopy to examine LTMR morphology in the intact skin of neonatal and adult mice. This longitudinal imaging approach overcomes the limitations of tissue fixation and enables real-time observation of axonal structures in intact tissues. The Aβ RA-LTMR and Aδ-LTMR axonal morphologies visualized through two-photon imaging are consistent with observations from previous PFA-fixed tissues2,6,7,19,33,34. There was no observable evidence of laser power causing local skin heating or damage, as there were no visible inflammation or morphological changes during chronic imaging. Together, this intravital imaging method shows the potential to reveal how distinct mechanoreceptor populations develop and remodel during development and in adults19,35.

Several factors should be considered to achieve optimal, high-resolution imaging of LTMRs in the skin. First, genetically modified mice that express high levels of fluorescent reporters, such as Thy1-YFP, allow for reliable imaging of the same population of neurons over time. Second, proper stabilization is achieved by using clay to secure the paw onto the slide, which is crucial for adjusting the orientation of the paw and ensuring the surface of the paw is perpendicular to the objective (see step 2.7). While initial contact may activate LTMRs, the setup should not cause LTMR activation during imaging, as it does not add additional pressure on the skin. Likewise, placing the mouse's body on a separate platform from the paw greatly reduces breathing artifacts (see step 2.3). Third, using vacuum grease allows a stable seal to form between the coverslip and the slide. Vacuum grease, unlike more stable adhesives like nail polish or coverslip sealant, is nontoxic and easy to clean. It does not require a curing time and can thus be effective immediately, allowing easy removal of the coverslip without breakage. Finally, a slice thickness of 1-2 µm was chosen to allow high-resolution imaging of sensory axonal endings around hair follicles, which are around 40 µm in diameter. Together, these optimizations establish a framework that ensures consistent and reliable visualization of LTMR morphology.

Many common issues can be resolved before or during imaging. First, incomplete hair removal from the mouse’s skin can obstruct the signals from sensory axons. If this occurs, remove the coverslip and repeat the hair removal process (see step 2.5). Second, incomplete contact between the coverslip and the skin may prevent the visualization of certain axonal structures, particularly those that are located near the edge of the paw. To resolve this issue, remount the paw and ensure the coverslip is gently rolled onto the paw (see step 2.7). Third, proper leveling of the coverslip reduces the number of optical slices necessary to capture the imaging field. Fourth, the positions of the supporting platform and nosecone may need to be adjusted according to the mouse’s age and body size to ensure optimal anesthesia. Since the distance between the mouse’s body and paw increases as they age, the nosecone will need to be closer to the objective when imaging neonatal mice. Collectively, these parameters support the optimization of two-photon microscopy for in vivo experimentation. 

For chronic imaging, several landmarks can be employed to ensure consistent imaging of the same region. While visualizing the paw on the LED screen, the tattoos are detected as black ink deposits, serving as primary landmarks. Then, during imaging, individual finger anatomy serves as additional landmarks, as each digit can be visualized and traced to its connection with the rest of the paw. Finally, confirmation of the imaging field can be achieved by comparing specific axonal morphologies.  

There are several technical and biological limitations that should be considered with this method. First, while mouse skin provides optical access and biological relevance for developmental studies, the imaging depth is limited to approximately 300 µm within the surface of the skin. Nonetheless, high-resolution images of axon terminals can be obtained near the surface of the skin without the need for any depth-dependent intensity correction. Second, successful imaging of subtype-specific LTMR morphology requires existing genetic mouse tools that offer subtype-specificity. Third, depilatory creams may transiently increase the number of hair follicles by stimulating follicles to enter the anagen phase36. Therefore, investigators may consider shaving as an alternative hair-removal method to avoid potential changes in hair follicles. Finally, this analysis was confined to the postnatal period. Some LTMR axons reach the skin before birth19; therefore, future studies extending two-photon imaging into earlier embryonic stages will be essential to fully characterize LTMR innervation and targeting in the skin19.

Future directions of research based on this imaging technique may include developmental dynamics of axonal activity, growth, and regeneration. Integrating calcium imaging reporters with structural labeling could allow for simultaneous assessment of LTMR activity and morphology in vivo. This protocol can be expanded to additional LTMR populations by substituting genotype-specific CreER drivers and reporters while keeping the surgical preparation and imaging workflow unchanged. For example, Aβ RA-LTMRs, Aβ SA1-LTMRs, and C-LTMRs can be targeted with RetCreER, TrkCCreER;Retf(GFP), and THCreER, respectively6,32,35,37, enabling the longitudinal registration and tracking of LTMR subtypes. 

Combining this system with injury models will be important for exploring how LTMR circuits respond to peripheral nerve damage, and whether their regenerative trajectories reiterate developmental programs or invoke distinct repair mechanisms. Prior work has demonstrated the power of high-resolution imaging and optical clearing for direct visualization of Wallerian degeneration and axon growth within intact nerves38. A recent study performed chronic imaging of sensory afferents following spared-nerve injury, revealing that nociceptor reinnervation drives mechanical allodynia39. Additional studies have demonstrated real-time skin stem cell activity in regenerating organs using two-photon microscopy40,41,42. This study laid a foundation for future investigations of developmental and injury-induced remodeling with subtype specificity. 

Together, this study establishes a high-resolution platform for imaging LTMRs during development and in adult mice in vivo. By visualizing axon dynamics in their native context, new insights can be gained into the dynamic processes that shape the somatosensory system during development and regeneration.
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