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SUMMARY: 
[bookmark: _Hlk225767291]Here, a protocol is presented to assess mouse meningeal lymphatic vessels (MLVs), which play an important role in multiple neurologic diseases. The goal of this protocol is to provide an integrated method that enables both functional evaluation of tracer drainage and detailed morphological characterization of the dorsal MLVs network.

ABSTRACT: 
Meningeal lymphatic vessels (MLVs) have emerged as critical regulators of central nervous system (CNS) homeostasis, and MLV dysfunction has been implicated in various neurological disorders. A comprehensive assessment of MLVs' morphology and function is therefore essential for understanding their role in CNS physiology and disease. This protocol describes an integrated method for evaluating MLVs in mice using four key techniques: Intra-cisterna-magna (i.c.m.) injection of fluorescent tracers, live imaging of cervical lymph nodes (CLNs), meningeal dissection, and whole-mount staining. First, the 30 G needle is connected to the syringe and infusion pump via a polyethylene (PE) tube. After the mouse is anesthetized, the dura mater is exposed by blunt dissection of the neck muscles, and the injection needle is inserted into the cisterna magna (CM) to deliver the tracer into the cerebrospinal fluid (CSF) with precise control. Tracer drainage to the CLNs can be visualized in real time, while subsequent meningeal dissection and whole-mount staining enable detailed morphological analysis of the dorsal MLVs. The entire procedure can be completed within 3 h, encompassing i.c.m. injection, tissue perfusion, skull isolation, and placement in fixative solution. This protocol can also be adapted for intracranial drug delivery or combined with molecular analyses, as the meningeal dissection procedure is compatible with fresh, unfixed tissues suitable for RNA and protein extraction.

INTRODUCTION: 
MLVs are located within the dural sinuses and are able to carry CSF components and immune cells from the CNS to the CLNs1,2. The discovery of MLVs has challenged the traditional concept of central nervous system "immune privilege" and has emerged as a research hotspot in recent years3. Studies have shown that impaired MLV function is closely associated with various diseases, including Alzheimer's disease, age-related cognitive decline, brain tumors, and CNS infections4–7. As research in this field advances, there is a growing need for integrated, reproducible, and well-standardized experimental methods. 

Most existing protocols for lymphatic vessel research focus on peripheral lymphatic vessels8–10. In studies related to MLVs, A study described a straightforward CM cannulation procedure that enables direct access to the CSF without damaging the skull or brain parenchyma11. When combined with imaging techniques, this method can effectively assess glymphatic system function and CSF dynamics. However, detailed experimental protocols for studying the function and morphology of MLVs have not been well documented.

The present protocol integrates functional imaging with morphological analysis, enabling simultaneous acquisition of drainage function and structural morphology data from the same animal, thereby reducing the number of animals used and improving data comparability and consistency. Overall, this protocol can be used to study structural and functional changes in MLVs in various disease models, as well as to evaluate the effects of pharmacological or genetic interventions on MLVs. The protocol provides detailed descriptions of the operational steps, key precautions, and troubleshooting guidance. In addition, the i.c.m. injection technique described in this protocol can be independently applied for intracranial drug delivery, and the meningeal dissection procedure is compatible with fresh tissue for subsequent RNA or protein extraction, offering considerable flexibility and scalability.

PROTOCOL: 

The mouse procedures described in this protocol were performed in compliance with the protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Shanghai University (Approval No. ECSHU 2023-099). Mice (8 weeks old, male) were housed under specific pathogen-free conditions with a 12 h light/dark cycle and fed a standard chow diet.

1. Preparation of surgical instruments and buffers

CAUTION: Operate in a chemical fume hood and wear gloves to minimize the potential risks when working with PFA, a moderately toxic and carcinogenic substance. All operations involving Isoamyl alcohol must be carried out in a chemical fume hood away from ignition sources, while wearing gloves and a mask, to reduce exposure risks.


1.1. Prepare surgical instruments, such as one pair of straight scissors, two pairs of curved fine-tipped forceps, two pairs of blunt-tipped forceps, one pair of micro scissors, and one pair of straight micro forceps with smooth (non-serrated) tips.

NOTE: Wipe surgical instruments with 75% ethanol and keep them dry both before and after the experiment.

1.2. Prepare buffers.
1.2.1. 1x PBS.

1.2.2. 4% Paraformaldehyde Fix Solution (4% PFA).

1.2.3. Blocking solution (1x PBS containing 3% bovine serum albumin (BSA), 0.5% Triton X-100, and 2% fetal bovine serum).

1.2.4. Antibody dilution buffer (1x PBS containing 3% BSA and 0.5% Triton X-100).

1.2.5. Antifade Mounting Medium.  

NOTE: The prepared reagent can be stored at 4 °C for one month. 

1.3. Prepare 2,2,2-Tribromoethanol anesthetic solution (Avertin, 1.25%, 50 mL)
1.3.1. Weigh 0.625 g Tribromoethanol into a 2 mL tube, add 1.25 mL Isoamyl alcohol, and dissolve thoroughly (37 °C shaker).

1.3.2. Transfer the fully dissolved Tribromoethanol-isoamyl alcohol solution to a 50 mL conical tube, add 1x PBS to bring the total volume to 50 mL, and mix thoroughly.

1.3.3. Filter the solution through a 0.22 µm filter in a biological safety cabinet.

1.4. Prepare Ovalbumin, Alexa Fluor 647 Conjugate (OVA-647) solution (2 mg/mL). Dissolve 2 mg of OVA-647 in 1 mL of artificial cerebrospinal fluid (aCSF).

2. Assembly of the injection needle and connection to the microinjection pump
2.1. Use blunt forceps to break off the 30 G needle and retain the tip11 (outer diameter 0.30 mm, inner diameter 0.15 mm, length 8 mm).

2.2. Use a 30 cm length of PE-10 tubing (outer diameter 0.64 mm, inner diameter 0.28 mm) to connect the broken 30 G needle to the microinjection needle containing a 30 G needle (Figure 1).

2.3. Mount the microinjection needle, with the tubing and 30 G needle attached, onto the microinjection pump.

3. i.c.m. injection and live imaging

CAUTION: If the needle is inserted too deeply and penetrates the brain parenchyma, the injectate will be delivered into the brain tissue rather than the CSF compartment, compromising the accuracy of the result and potentially leading to mouse mortality. During the surgical procedure, continuous physiological monitoring of the mouse is required. Anesthesia depth should be assessed every 15 min using the toe-pinch reflex to ensure the animal remains pain-free. Body temperature should be maintained at 37 °C ± 0.5 °C using a heating pad to prevent hypothermia and its associated effects on physiological function. Additionally, respiration and heart rate should be recorded every 30 min, assessed by observing thoracic movements and palpating the cardiac apex. During i.c.m injection, if the needle is inserted too deeply and causes bleeding, this indicates a failed injection. Terminate the experiment and euthanize the animal.

3.1. Weigh the mouse and administer 200 mg/kg Avertin via intraperitoneal injection to anesthetize the mouse.

NOTE: Alternative anesthetics (e.g., ketamine/xylazine) can be used.

3.2. Apply depilatory cream to the cervical region to remove hair over the lymph nodes when the toe pinch reflex ceases, and respiration becomes slow and steady.

3.3. Place the mouse in a stereotaxic frame on a heating pad with the head tilted at a 120° angle to the trunk (Figure 2A).

3.4. Shave the dorsal neck skin. Clean the area sequentially with 75% ethanol.

3.5. Apply erythromycin ophthalmic ointment.

3.6. Make a midline incision in the skin of the neck and bluntly separate the muscle layers.

NOTE: Using two pairs of blunt-tipped forceps, separate the muscle layers to minimize bleeding.

3.7. Dissect through the muscle with fine-tipped forceps until the translucent dura mater overlying the CM becomes visible (Figure 2B, C).

NOTE: Use a fine-tipped curved forceps to retract the muscles and maintain consistent exposure of the CM.

3.8. Under a stereomicroscope, use blunt forceps to hold the needle and insert it at a 45° angle to the plane of the dura mater to a depth of approximately 1–2 mm. Position the needle bevel parallel to the dura mater so that it lies completely beneath the dura mater (Figure 2D).

NOTE: Apply gentle force with the needle to puncture the dura mater. Successful puncture is indicated by a palpable loss of resistance, along with visualization of the needle tip beneath the dura mater and the outflow of CSF.

3.9. Use absorbent paper to dry any leaking CSF.

3.10. Set the microinjection pump to deliver at 1 µL/min. Inject 5 µL of OVA-647 solution (2 mg/mL) into the CM4 (Figure 2E). 

3.11. Leave the needle in place for 2 min to prevent backflow.

3.12. Carefully withdraw the needle and apply one drop of biological glue onto the meninges.

3.13. Close the surgical incision.

3.14. Perform in vivo imaging of the mouse to monitor dye intensity in the CLNs at various time points (30 min, 60 min). Use the following imaging parameters: exposure time: 0.5 s; excitation filter: 640 nm; emission filter: 680 nm.

4. Isolating the dorsal aspect of the mouse skull

NOTE: Confirm the absence of the toe pinch reflex and the cessation of spontaneous respiration before initiating thoracic dissection.

4.1. Euthanize the mouse with an overdose of Avertin (600 mg/kg) and perform cardiac perfusion with 20 mL 1x PBS or normal saline.

4.2. Decapitate the mouse to isolate the head.

4.3. Make an incision along the midline of the skull to open the scalp. 

4.4. Use two curved hemostats to separate the scalp bilaterally by gentle retraction. Subsequently, insert the curved hemostats into the orbital fossae and carefully strip off the residual scalp from the nasal and oral regions (Figure 3A–C).

NOTE: This method enables rapid and complete separation of the scalp. 

4.5. Remove the mandible while keeping the skull intact (Figure 3D).

4.6. Remove the bone from the base of the skull to expose the ventral aspect of the brain (Figure 3E).

4.7. Carefully extract the brain with blunt forceps, avoiding contact with the dura mater of the parietal bones (Figure 3F).

4.8. Completely immerse the dorsal skull in 5 mL, 4% PFA and fix for 24 h at 4 °C (Figure 3G).

PAUSE POINTS: Store fixed skulls at 4 °C for no longer than one week. Remove the sample from 4 °C and allow it to return to room temperature before meningeal dissection.

5. Dissection of meninges from the mouse skull
5.1. Wash the fixed skull with 5 mL 1x PBS, repeating the wash three times (10 min each).

5.2. Place the skull dorsal-side down in a 10-cm dish filled with 1x PBS (Figure 4A). 

5.3. Use the tip of fine-tipped forceps to grasp or press down on the tympanic bulla and remove it from the skull (Figure 4B).

NOTE: Removing the tympanic bulla is a critical step to avoid meningeal tearing caused by adhesion during separation from the skull.

5.4. Trim closely along the ventral surface of the skull for a distance of about 2 mm with scissors to smooth them (Figure 4C).

5.5. Use fine forceps, meticulously clear residual white tissue from the confluence of sinuses (COS) region of the meninges (Figure 4D). 

NOTE: Incomplete removal of residual tissue is a major cause of nonspecific staining in immunolabeling.

5.6. Use fine micro forceps to gently lift one edge of the meninges from the skull margin, then lift the opposite edge (Figure 4E, F).

5.7. Grasp the bowl-shaped rim of the meninges and pull to separate it from the skull in the cos region (Figure 4G). 

5.8. Remove the maxillary bone with scissors (Figure 4H).

5.9. Grasp the bowl-shaped rim of the meninges again and pull to separate the meninges from the skull at the frontal bone area (Figure 4I).

5.10. Place the intact meninges into a 24-well plate containing 1 mL 1x PBS, ready for staining.

NOTE: If the meninges rupture during the autopsy, especially at the junction of the superior sagittal and transverse sinuses, the sample may not be suitable for further analysis. If high non-specific background staining is observed, add a quenching step after PFA fixation (e.g., incubate with 0.1 M glycine solution for 40 min12) to further reduce the background signal.

6. Blocking, primary antibody, and secondary antibody staining
6.1. Use a 1 mL pipette to aspirate the 1x PBS so that the meninges adhere to the bottom of the well plate.

6.2. Block the whole-mount meninges with 200 µL blocking solution in a 24-well plate for 1 h at room temperature.

NOTE: Gently spread the meninges completely in the blocking solution using forceps to ensure even exposure.

6.3. Use a pipette to remove the blocking solution.

6.4. Incubate the whole-mount meninges with 200 µL of diluted anti-LYVE-1 (lymphatic vessel-specific marker13) antibody at a 1:200 dilution (final concentration 1 µg/mL) overnight at 4 °C.

6.5. Use a pipette to remove the antibody solution.

6.6. Wash three times with 1x PBS (10 min each).

6.7. Incubate whole-mount meninges with the DAPI (final concentration 1 µg/mL) and Alexa Fluor 488 donkey anti-rat IgG (final concentration 2 µg/mL) for 1 h at room temperature in 1x PBS.

NOTE: Protect from light during antibody incubation.

6.8. Use a pipette to remove the antibody solution.

6.9. Wash three times with 1x PBS (10 min each).

7. Mounting and imaging
7.1. Pipette 100 µL of 1x PBS onto the center of a slide.

7.2. Float and spread the whole-mount meninges within the droplet (Figure 5A).

7.3. Aspirate the 1x PBS to allow the tissue to adhere flatly to the slide (Figure 5B).

7.4. Apply 20 µL of mounting medium onto the whole-mount meninges.

7.5. Place a coverslip over the tissue (Figure 5C).

7.6. Air-dry the slides at room temperature and store the slides at 4 °C.

PAUSE POINTS: The slides can be stored at 4 °C for up to one month. Remove the slide from 4 °C and allow it to return to room temperature. Remove any condensation from the slide surface with absorbent paper.

7.7. Use a 20x objective lens to acquire MLVs images. Set the channel to FL Green with an emission wavelength of 518 nm and an exposure time of 100 ms.

REPRESENTATIVE RESULTS: 
Following i.c.m. injection of OVA-647, in vivo imaging of small animals revealed distinct oval-shaped fluorescent signals distributed bilaterally in the cervical region (Figure 6A). In successful injections, the tracer was clearly visible in the CLNs after injection, with fluorescence intensity peaking at approximately 60 min (Figure 6B). In addition, fluorescent signals were observed in the isolated superficial and deep cervical lymph nodes (Figure 6C). Semi‑quantitative analysis of the fluorescence signal intensity allows for the assessment of OVA-647 accumulation in the CLNs. In contrast, failed injections, caused by needle misplacement (e.g., penetration into the brain parenchyma without entering the CM), resulted in no detectable fluorescent signal in the cervical region (Figure 6D). Such samples should be excluded from further analysis.

MLVs are anatomically classified into the COS, transverse sinuses (TS), and superior sagittal sinus (SSS) regions. Immunofluorescence staining for LYVE-1 clearly delineates the morphology of these lymphatic vessels (Figure 7A–D). Quantitative analysis was performed to measure the coverage of LYVE-1‑positive areas within a specific field of view (expressed as a percentage) and the diameter of MLVs (expressed in micrometers) in meningeal whole mounts using Fiji software. The threshold plugin was used to set thresholds to identify positively stained areas, the straight tool was used to draw measurement lines, and the measure plugin was used to obtain values14. Additionally, a discontinuous LYVE-1 signal due to meningeal tearing compromised reliable quantification (Figure 7E). Such samples should be marked as compromised and excluded from morphological analysis.

FIGURE AND TABLE LEGENDS:
Figure 1: Assembly of the injection system. A broken 30 G needle (outer diameter 0.30 mm, inner diameter 0.15 mm, length 8 mm) is connected to a 30 G microinjection needle via a 30 cm PE-10 tubing (outer diameter 0.64 mm, inner diameter 0.28 mm).

Figure 2: i.c.m. injection of OVA-647. (A) Schematic of mouse fixation. The head is tilted at approximately 120° to the trunk. (B) The CM is visible after incision of the scalp and blunt dissection of the surrounding neck muscles. (C) Photomicrograph of the exposed CM. (D) Photomicrograph of the injection needle inserted into the CM. The needle was inserted at a 45° angle to a depth of approximately 1–2 mm. (E) Schematic of OVA-647 delivery into the CSF. Abbreviations; CM = Cisterna Magna. 

Figure 3: Dissection and fixation of the dorsal skull. (A) Cut open the scalp from the top of the skull (along the midline). (B) Remove the scalp. (C) Whole mouse head. (D) Remove the mandible (lower jaw) from the head. (E) Remove the basal part of the skull to expose the brain. (F) Remove the brain. (G) Place the skull in 4% PFA.

Figure 4: Dissection of meninges from the mouse skull. (A) The fixed mouse skull was placed in 1x PBS. (B) Remove remaining fragments of the tympanic bulla. (C) Trim the edges of the skull. (D) Meticulous clearance of residual white tissue from the COS region of the meninges using fine forceps. (E) Lift one edge of the meninges. (F) Lift the other edge of the meninges. (G) Gently lift and peel the meninges away from the skull. (H) Remove the bone around the teeth. (I) Intact meninges were successfully isolated. Abbreviations; COS = confluence of sinuses.

Figure 5: Mounting and imaging of the meninges. (A) Spreading the meninges in 1x PBS. (B) Aspirating 1x PBS to adhere the meninges onto the microscope slide. (C) Add 20 µL of antifade mounting medium to the center of the meninges and cover with a coverslip.

Figure 6: Live imaging of CLNs in a mouse at 30 and 60 min. (A) In vivo imaging of CLNs after i.c.m. injection. Photograph taken at 30 min post-injection. Black arrows indicate the location of the CLNs. Scale bar: 1 cm. (B) Photograph taken at 60 min post-injection. Black arrows indicate the location of the CLNs. Scale bar: 1 cm. (C) Fluorescence imaging of the ipsilateral superficial and deep cervical lymph nodes at 60 minutes. Scale bar: 0.5 cm. (D) No signal in cervical lymph nodes at 60 min (Failed injection). Scale bar: 1 cm. Fluorescence images were acquired with an exposure time of 0.5 s, excitation at 640 nm, and emission at 680 nm. Images were analyzed using Living Image software, and the signal intensity was normalized to radiant efficiency. Set the Color Scale with Min = 1.5e8 and Max = 4.0e8. Abbreviations; CLNs = cervical lymph nodes.

Figure 7: Representative micrographs of MLVs. (A) Whole-mount meninges stained for LYVE-1 (green). MLVs are anatomically divided into the COS, TS, and SSS regions. Scale bar: 1 mm. (B) Higher-magnification image of the COS region. Scale bar: 200 µm. (C) Higher-magnification image of the TS region. Scale bar: 200 µm. (D) Higher-magnification image of the SSS region. Scale bar: 200 µm. (E) Suboptimal result showing discontinuous LYVE-1 signal and absence of the TS region. Scale bar: 500 µm. Abbreviations; COS = confluence of sinuses; TS = transverse sinuses; SSS = superior sagittal sinus.

DISCUSSION: 
This protocol provides a comprehensive method for evaluating MLVs function and morphology by integrating i.c.m. injection, in vivo imaging of CLNs, meningeal dissection, and whole-mount staining. A key advantage of this integrated approach over conventional methods is that it enables simultaneous assessment of lymphatic drainage function and vessel morphology within the same animal, eliminating the need for separate cohorts and thereby reducing experimental variability while improving data comparability. Furthermore, compared to conventional immunostaining methods that require sectioning, whole-mount staining preserves the three-dimensional architecture of the lymphatic network, allowing for more accurate quantification of vessel area, diameter, and branching patterns. 

The success of this protocol depends on several critical steps. One critical step is accurate i.c.m. injection, which is essential for proper tracer delivery into the CSF. The meninges form a thin, transparent to slightly whitish membranous tissue overlying the brain parenchyma15. In addition to lymphatic vessels, they are densely populated with blood vessels, which complicates i.c.m. injection and increases the risk of bleeding. Therefore, the needle should be inserted at a 45° angle along the midline of the CM to a depth of 1–2 mm, with the needle bevel positioned parallel to the plane of the meninges. Another critical step is careful dissection of the meninges, which is critical for preserving the integrity of the lymphatic vessels. The meningeal tissue is delicate and prone to tearing during dissection, particularly in the COS region. Below, potential issues encountered during experimental operation are outlined, along with corresponding troubleshooting strategies.

The first problem is mouse mortality during or after i.c.m. injection. To avoid this, take care not to penetrate the brain tissue with the needle during injection. After injection, reposition the scalp over the wound to prevent drying of the injection site, and place the mouse on a heating pad to maintain body temperature and monitor physiological functions. The second problem is incomplete blood clearance by perfusion. During perfusion, use scissors to make a small incision in the right atrium as an outlet for blood drainage. With the left hand, gently lift the root of the aorta using forceps. With the right hand, align the injection needle with the apex of the left ventricle, insert it swiftly into the ventricle, and begin infusion. Confirm successful perfusion by observing the liver turning pale and the effluent changing from red to clear. Residual blood in the meningeal vessels will cause nonspecific staining during immunofluorescence imaging. The third problem is that the meninges exhibit folds during mounting. To resolve this, gently cut open the bowl-shaped dome of the meninges to allow the tissue to lie flat on the surface of 1x PBS. The fourth problem is that the coverslip does not adhere fully to the slide during mounting. This issue is typically caused by residual bone fragments on the meninges. Carefully lift the coverslip, transfer the meninges to 1x PBS to wash off the antifade mounting medium, and use dissecting scissors under a stereomicroscope to remove any remaining bone fragments. Then, remount the slide. 

Despite its advantages, this protocol has several limitations. First, the procedure is terminal and does not allow longitudinal studies in the same animal, as both functional imaging and tissue collection require euthanasia. Second, while whole-mount staining provides comprehensive visualization of the dorsal MLVs network, it does not capture deeper lymphatic structures located in the skull base. Third, the protocol requires specialized equipment, including a stereomicroscope, microinjection pump, and in vivo imaging system. Fourth, both i.c.m. injection and meningeal dissection demand basic neuroanatomical training.

Of note, the choice of anesthetic can significantly influence glymphatic function. A previous study showed that anesthesia markedly slows lymphatic efflux of CSF to the blood16. Another study reported that glymphatic CSF tracer influx was highest under ketamine/xylazine (K/X) anesthesia, whereas mice anesthetized with Avertin exhibited low tracer influx17. Therefore, researchers aiming to study glymphatic dynamics should carefully consider anesthetic selection. Furthermore, head orientation affects CSF outflow resistance and tracer drainage to the CLNs. One report investigated the effect of body posture on glymphatic transport in rats and found that the lateral decubitus position resulted in the highest CSF tracer uptake into the brain parenchyma, whereas the prone position was associated with increased tracer efflux along the internal carotid artery and reduced tracer distribution to the brain18. Although anesthetic choice and head orientation can affect glymphatic parenchymal influx, the primary focus of this protocol is to assess the drainage function and vessel morphology of MLVs. Notably, it is essential to ensure that mice are maintained under the same anesthetic conditions and in the same posture (e.g., prone position) throughout the experiment.

The protocol described here has broad potential for adaptation to various research contexts. First, the i.c.m. injection technique can be independently applied for intracranial drug delivery, enabling brain-wide distribution of therapeutic agents such as viral vectors, antisense oligonucleotides, or nanoparticles. Second, the meningeal dissection procedure is compatible with fresh, unfixed tissue, allowing subsequent RNA or protein extraction from the same sample, thereby facilitating molecular correlation with lymphatic morphology and function. Third, this approach can be extended to disease models, including Alzheimer’s disease, traumatic brain injury, and brain tumors, in which MLV dysfunction has been implicated in disease progression.
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