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Abstract 
 
Functional imaging of neural structures at the base of the cranium, including the trigeminal ganglion (TG), is technically 
challenging due to limited optical access. The TG—the largest sensory ganglion in the head—houses primary afferent 
neurons that relay information from the teeth, oral cavity, and face, yet investigation of somatosensory processing at the 
population level has remained limited. Here, we present a surgical procedure for an optical-window preparation that enables 
direct optical access to the TG. The ganglion is exposed by a large temporal craniotomy with removal of overlying tissue, 
and a glass cuboid is then placed in direct contact with the TG to suppress motion while maintaining the cranial cavity as a 
closed compartment without continuous perfusion. This preparation allows reliable visualization and recording of individual 
TG neurons during controlled stimulation of diverse facial and intraoral sites. Our approach provides a practical platform to 
map peripheral sensory representations within the TG and to investigate mechanisms underlying dental sensation, orofacial 
pain, and trigeminal circuit function. 
 
 

Key features 
• Establishes stable optical access to the mouse trigeminal ganglion using a hemispherectomy-based glass cuboid cranial 

window preparation. 
• Reduces motion artifacts through direct cuboid-TG contact, enabling robust single-neuron calcium imaging. 
• Provides a large field of view of the whole TG with fluorescence microscopy hardware and supports imaging in vivo. 
 
Keywords: Trigeminal ganglion, In vivo calcium imaging, Epifluorescence microscopy, Cranial window, 
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Graphical overview 
 

 
 
Schematic overview of the trigeminal ganglion (TG) window implantation. The head plate is horizontally fixed to the 
skull, followed by placement of a glass cuboid onto the exposed TG after hemispherectomy. This enables stable optical 
access and visualization of the TG through the glass window. V1–V3 denote the three branches of the trigeminal nerve: V1, 
ophthalmic; V2, maxillary; and V3, mandibular. A, anterior; P, posterior; M, medial; L, lateral. 
 
 

Background 
 
The trigeminal system provides the principal gateway by which mechanical, thermal, and nociceptive signals from the face 
and oral cavity reach the brain [1–5]. These inputs shape everyday behaviors—feeding, speech-related movements, 
grooming—and are also central to common clinical conditions such as dental hypersensitivity, temporomandibular disorders, 
migraine, and trigeminal neuralgia. Trigeminal ganglion (TG) neurons are the first-order sensory afferents for these 
modalities, projecting to brainstem nuclei and higher-order somatosensory regions where structured representations of the 
periphery emerge [2,6–15]. Analogous to the dorsal root ganglia, which convey somatosensory information from the body, 
the TG contains, together with satellite glial cells, pseudounipolar sensory neurons of diverse sizes and functions. TG 
neurons are highly heterogeneous, with relatively fewer proprioceptive neurons and a larger proportion of cold-sensitive 
neurons, in addition to tactile-responsive neurons [16–18]. Despite extensive work on downstream somatosensory 
processing in the brainstem and cortex, how ensembles of TG neurons collectively encode distinct orofacial structures and 
stimulus features in vivo remains poorly resolved. 
A key limitation has been methodological: the TG is deep and mechanically coupled to surrounding tissues, making it 
difficult to achieve optical access with sufficient stability for single-neuron imaging. Traditional extracellular recordings 
[19,20] and anatomical tracing [21] have provided important insights, but they sample limited numbers of neurons at a time 
and do not readily capture the coordinated population dynamics that may underlie sensory coding and plasticity. To address 
this knowledge gap, we developed a surgical preparation for in vivo calcium imaging [22–29] that combines direct exposure 
of the TG [30–33] via hemispherectomy with placement of a rigid glass cuboid window that mechanically stabilizes the 
ganglion. This protocol enables wide-field monitoring of large TG neuronal populations in genetically encoded calcium 
indicator mice (Figure 1) [5] and can be combined with optogenetic and chemogenetic manipulation, facilitating functional 
mapping of facial and intraoral representations and offering a versatile entry point for studying trigeminal sensory processing 
and disease-relevant mechanisms [5]. 
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Figure 1. Schematic illustration of trigeminal ganglion (TG) innervation of the face, including the oral cavity. The 
glass cuboid enables in vivo calcium imaging of the entire TG. In our previous work [5], sensory stimulation was applied to 
the left mandibular incisor using a piezoelectric bender. V1–V3 denote the three branches of the trigeminal nerve: V1, 
ophthalmic; V2, maxillary; and V3, mandibular. Working distance of the objective lens needs to be longer than 8 mm (100 
mm for MV PLAPO 1×). 
 
 

Materials and reagents 
 
Biological materials 
 
1. Thy1-GCaMP6f mice (aged >8 weeks) (The Jackson Laboratory, stock number: 025393) 
 
Reagents 
 
1. Carprofen (Rimadyl, catalog number: VetRx MW 026357) 
2. Lidocaine hydrochloride jelly, 2% (IMS, catalog number: 76329-3015-5) 
3. Cyanoacrylate adhesive (Aron Alpha, TOAGOSEI, catalog number: 04613) 
4. Dental cement (Jet Denture Repair Package, LANG, catalog number: 1223CLR) 
5. Phosphate-buffered saline (PBS), 10× (Gibco, catalog number: 70011-044) 
6. Hair remover cream (Veet, catalog number: 3299655) 
7. Antibiotic ointment (Medi-First, catalog number: 22373) 
8. Povidone-iodine, 10% (Betadine, catalog number: 67618-150-01) 
9. Isoflurane (Piramal Critical Care, catalog number: 66794-017-25) 
10. Ketamine 100 mg/mL (Patterson Veterinary, catalog number: 07-894-8462) 
11. Xylazine 100 mg/mL (AKORN animal health, catalog number: 59399-111-50) 
12. Bupivacaine 5 mg/mL (Cook-Waite, catalog number: 99184) 
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Laboratory supplies 
 
1. Glass cuboid, 3 × 3 × 8 mm (UQG Optics; glass cuboid, 3 mm × 3 mm × 8 mm) 
2. Head post/head plate (316L stainless steel, Craftcloud) 
3. Forceps (FST, catalog number: 11252-00) 
4. Micro-scissors (FST, catalog number: 15000-04) 
5. Scissors (FST, catalog number: 14060-09) 
6. Surgifoam (Ethicon, catalog number: 1972) 
7. Needles: 20G (BD, catalog number: 305176), 18G (Air-Tite, catalog number: 14-817-220), 16G (Air-Tite, catalog number: 
14-817-104) 
8. Cotton swabs (Puritan, catalog number: 826-WC) 
9. Kimwipes (Kimberly-Clark Professional, catalog number: 34155) 
10. 3 mL transfer pipettes (Falcon, catalog number: 357575) 
11. Tissue culture dish (Fisherbrand, catalog number: FB012920) 
12. Insulin syringe with fixed needle (Sol-Vet, catalog number: V12905) 
13. Sandpaper, 80 grit 
14. Toothpicks 
15. Erlenmeyer flask, 500 mL (KIMAX, catalog number: 26500) 
16. Hose couplers (ROTH, catalog number: E806.1-E809.1) 
17. PFA tubing (ROTH, catalog number: 1NAY.1-1NAT.1) 
18. Two-hole rubber stopper (Fisherbrand, catalog number: 14-140S) 
19. Sandpaper (Johnson abrasives, catalog number: 10110-15) 
20. Toothpicks (KingSeal, catalog number: 77150) 
 
 

Equipment 
 
1. Anesthetic vaporizer (E-Z Systems, model: EZ-108SA) 
2. Oxygen concentrator (VARON, model: Y-105) 
3. Stereotaxic alignment system (KOPF, model: 1900) 
4. Auxiliary ear bars (Narishige, model: EB-5N) 
5. Animal temperature controller (WPI, model: ATC 1000) 
6. Micro drill (Harvard Apparatus, model: 75-1874) 
7. LED illumination (Amscope, model: LED-50WY) 
8. Germinator (Braintree Scientific, model: NC9956482) 
9. Vacuum regulator (Ohio Medical, model: PISA) 
10. Epifluorescence microscope (Olympus, model: MVX-10) 
11. Blue LED (Thorlabs, model: SOLIS-470) 
12. 1× objective lens (MV PLAPO 1×/0.25 NA) 
13. Filter cube (U-MF/XL, Olympus), containing an excitation bandpass filter of 470 nm, a dichroic filter of 495 nm, and 
an emission bandpass filter of 525/50 nm 
14. Monochrome CMOS camera (Thorlabs, model: CS135MU) 
15. Piezoelectric bender (Thorlabs, model: PB4NB2S) 
16. Wixey digital angle gauge (Wixey, model: WR300 Type 2) 
 
 

Software and datasets 
 
1. Tinkercad (Autodesk, https://www.tinkercad.com/) 
 
  

https://www.tinkercad.com/
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Procedure 
 
A. Preparation of the head plate and glass cuboid 
 
1. Design a custom head plate (using Tinkercad) and order (via Craftcloud) the plate fabricated from 316L stainless steel, 
which allows rigid head fixation during imaging (Figure 2A–B). 
2. Prepare a glass cuboid (3 mm × 3 mm × 8 mm; height × width × depth, ordered from UQG optics) to serve as the optical 
element of the TG window (Figure 2C–D). 
 

 
 
Figure 2. Custom-designed head plate and glass cuboid for trigeminal ganglion (TG) imaging. (A, B) Top and rear 
views of the head plate. (C, D) Oblique and top views of the 3 × 3 × 8 mm glass cuboid. 
 
B. Preparation of the suction system 
 
1. Blunt 16-, 18-, and 20-gauge needles by cutting off the tips and smoothing the cut ends with sandpaper. 
2. Connect a laboratory vacuum valve to a 500 mL Erlenmeyer flask dust trap via a vacuum regulator. Attach the tubing to 
the dust trap and fit the distal end with a blunted needle to serve as the suction tip (Figure 3). 
Note: The suction system is an efficient approach to remove brain tissue while simultaneously controlling bleeding, thereby 
facilitating exposure of the TG and maintaining a clear surgical field. The smaller gauge needles need to be used to perform 
slow but subtle suction.  
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Figure 3. Example suction system used for tissue aspiration during hemispherectomy. The suction tip consists of a 
flattened needle, whose size can be easily adjusted depending on the surgical requirement, e.g., structures to be sucked. 
Suction power is controlled using a vacuum regulator. 
 
C. Trigeminal ganglion window implantation 
 
Note: Disinfect surgical instruments, the head plate, and cotton swabs with 70% ethanol and sterilize prior to use (e.g., 
autoclave, germinator, 30 s). 
 
1. Pre-emptive analgesia: Administer carprofen (5 mg/kg, subcutaneous) 30 min prior to surgery to provide pre-emptive 
analgesia and reduce intraoperative and postoperative nociceptive responses. 
2. Anesthesia and preparation 
a. Induce anesthesia with isoflurane (4% in oxygen). 
b. Place the mouse (>8 weeks old) in a stereotaxic frame with ear bars and maintain anesthesia at 1.5% isoflurane. 
c. Apply ophthalmic antibiotic ointment to both eyes to prevent corneal drying. 
d. Remove scalp hair using hair remover cream. 
e Disinfect the scalp with 10% povidone-iodine. Apply 2% lidocaine or 0.25% bupivacaine subcutaneously at the incision 
site for local analgesia and allow it to take effect for ~3 min. 
 
3. Expose the skull and attach head plate 
a. Make a midline scalp incision to expose the dorsal skull surface (Figure 4A). 
b. Tilt the head ~20° to the right (optional; used here for convenience). 
c. Remove the left temporal muscle using micro-scissors and forceps (Figure 4B–C). 
d. Return the head to a horizontal position. 
e. Remove the periosteum from the skull surface using cotton swabs and a microdrill. 
f. Position the head plate horizontally with sufficient clearance above the left temporal bone. Then, fix it to the skull with 
cyanoacrylate adhesive (Figure 4D) and allow it to cure (~5 min). 
g. Reinforce fixation with dental cement applied at the plate edges (Figure 4E) and allow it to set (~10 min). 
 
4. Temporal bone craniotomy 
a. Tilt the head again ~20° to the right (optional; used here for convenience). 
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b. Using a microdrill, create a groove outlining a large craniotomy extending from the left temporal bone to ~2 mm left of 
the midline; include the left dorsal temporal bone, most of the left parietal bone, and the caudal half of the frontal bone 
(Figure 4F). 
Note: During skull drilling, use an air blower to remove bone debris and prevent overheating. 
 
c. Gradually deepen the groove until the bone flap can be depressed with light pressure. 
d. Soak the groove with 1× PBS and wait ~5 min to soften remaining attachments. 
e. Insert forceps or micro-scissors between the skull and brain surface to sever remaining connections, then gently lift off 
the bone flap (Figure 4G). 
f. Control bleeding using cotton swabs and Surgifoam placed along the bone edges as needed. 
 
5. Hemispherectomy and TG exposure 
a. Reduce isoflurane to ~1% for hemispherectomy. 
Notes: 
1. Continuous 1.5% isoflurane may result in excessively deep anesthesia during hemispherectomy, which can increase the 
risk of intraoperative death in mice. 
2. During and after hemispherectomy, periodically assess anesthetic depth (e.g., tail pinch). 
 
b. Continuously irrigate the exposed cortex with 1× PBS. 
c. Gradually aspirate cortical and subcortical tissue within the craniotomy using the suction system (Figure 4H). 
d. As bleeding occurs, repeatedly irrigate the aspiration site with 1× PBS using a transfer pipette and remove pooled 
blood/fluid by suction. 
e. Continue aspiration/irrigation cycles until the left TG becomes visible (Figure 4I). 
Note: Gentle suction is initiated from the more lateral region and gradually advanced toward the medial side, which 
facilitates the detachment of residual brain tissue from the brain cavity, thereby improving visualization of the underlying 
TG. 
 
f. Adjust head position to ~5° rightward rotation and ~10° dorsal tilt to optimize access. 
g. If necessary, switch to a 20G suction tip and remove the remaining tissue without touching the TG surface. 
h. Repeat irrigation/suction cycles until the TG is fully exposed and bleeding is controlled (Figure 4J). 
 
6. Glass cuboid placement and sealing 
a. Using forceps, gently place the glass cuboid directly onto the exposed TG. Apply minimal pressure to prevent blood from 
entering the cuboid–TG interface (Figure 4K). 
b. Pre-soak Surgifoam pieces (~2 mm) in 1× PBS for ~10 min. 
c. Pack PBS-soaked Surgifoam into the space between the cuboid and surrounding tissue to stabilize the cuboid and absorb 
residual blood (Figure 4L–M). 
Note: To prevent the adhesive from entering the cranial cavity, pack Surgifoam until it slightly protrudes above the skull 
margin. Because PBS-soaked Surgifoam can shrink, a greater volume can be packed than appears visually. 
 
d. Apply cyanoacrylate adhesive to the head plate to secure the cuboid; maintain gentle downward pressure until cured (~5 
min) (Figure 4N). 
e. Reinforce fixation with dental cement applied over the hardened adhesive and allow it to set (~10 min) (Figure 4O–P). 
Note: This is a non-survival procedure. The surgery typically takes 90 min, followed by approximately 1 h for imaging. 
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Figure 4. Step-by-step procedure for trigeminal ganglion (TG) window implantation. (A) Midline scalp incision to 
expose the dorsal skull surface. (B–C) Removal of the left temporal muscle. (D) Positioning and attachment of the head 
plate horizontally onto the skull using cyanoacrylate adhesive. (E) Reinforcement of head plate fixation with dental cement. 
(F) Creation of a groove for craniotomy. (G) Removal of the bone flap. (H) Gradual aspiration of cortical and subcortical 
tissue. The cannula on the right is a 20G needle. The tube on the left is to apply phosphate buffer saline (PBS) to wash out 
bleeding. (I) Initial visualization of the left TG following tissue removal. The needle is a 20G needle. (J) Full exposure of 
the TG after repeated aspiration and irrigation cycles with bleeding control. (K) Placement of a glass cuboid directly onto 
the exposed TG with minimal pressure using fine forceps. (L–M) Packing of PBS-soaked Surgifoam (gelatin sponge) around 
the cuboid. (N) Securing the glass cuboid to the head plate using cyanoacrylate adhesive. (O–P) Reinforcement of the 
implant with dental cement to ensure stable fixation for imaging. Scale bars, 5 mm. 
 
 

Validation of protocol 
 
We validated this procedure using in vivo calcium imaging, which was performed as described in the methods section of 
our previously published study [5]. Briefly, once the glass cuboid was secured, the animal was anesthetized with an 
intraperitoneal injection of a ketamine/xylazine cocktail (0.2 mL) and placed under an epifluorescence microscope (MVX, 
Olympus) for one-photon imaging. We chose this microscope because of its long working distance, which accommodates 
the 8 mm cuboid. 
Sensory stimulation was applied to the facial labial surface of the left mandibular incisor and the outer surface of the lower 
lip in the diastema region using a toothpick attached to a piezoelectric bender. Each trial consisted of 15 stimuli delivered 
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over 3 s at 200 ms intervals, with a 3 s baseline period before and after stimulation. The stimulation force ranged from 20 to 
40 mN. This procedure was repeated for 10 trials per stimulation site. 
During stimulation, excitation light was provided by a blue LED, and emitted fluorescence was detected using a 
monochromatic camera (Thorlabs). Images were acquired at a sampling rate of 20–30 frames per second with a resolution 
of 512 × 512 pixels. 
The imaging data were analyzed using a custom-written MATLAB program, as previously described [25–27,34]. Imaging 
data were processed for motion correction and registration. Cells were detected for region-of-interest (ROI) drawing using 
a custom-made MATLAB program [25,35]. Fluorescence traces were calculated as the sum of pixel values for each ROI 
and normalized to baseline fluorescence, defined as the 1-s period prior to stimulus onset, to calculate ΔF/F0. 
Using this preparation, stimulus-evoked calcium responses can be reliably recorded from TG neurons through the glass 
cuboid window. In the original study, tactile stimulation of the lower incisor or lower lip elicited reproducible activity in 
subsets of TG neurons during imaging under anesthesia (Figure 5). We adopted one-photon imaging because the cuboid 
requires an objective lens with a long-working distance (>8 mm). 
 

 
 
Figure 5. Example in vivo calcium imaging of the trigeminal ganglion (TG) through the glass cuboid window. (A) 
Lateral view of the mouse with the glass cuboid inserted above the trigeminal ganglion. Blue light from LED is shown. (B) 
Fluorescent image of the trigeminal ganglion during the baseline period. (C) Fluorescent image of the same mouse during 
tooth stimulation. (D) Trial-averaged fluorescent traces of the five neurons indicated by the arrows in panel C. 
 
 

General notes and troubleshooting 
 
General notes 
 
1. Maintain body temperature at 37 °C using a temperature-controlled heating system throughout surgery. 
2. Adjust the stereotaxic frame angles as needed to optimize access and visualization during hemispherectomy and TG 
exposure. 
 
Troubleshooting 
 
Problem 1: Hemorrhage. 
Hemispherectomy is highly invasive. Maintain anesthesia at the lightest level compatible with immobility. To avoid excess 
blood loss, do not repeatedly interrupt the procedure to obtain complete hemostasis at each step. Instead, continuously clear 
the field by applying suction while irrigating with 1× PBS to prevent blood pooling. Bleeding typically decreases in deeper 
regions, but multiple irrigation cycles may be required after TG exposure.  
 
Problem 2: Loss of TG neuronal viability (no stimulus-evoked responses). 
This is most commonly caused by mechanical damage to the TG or compromised local blood flow. Avoid contacting the 
TG with the suction tip; once near the TG, switch to a smaller tip (e.g., 20G) and aspirate cautiously. During cuboid fixation, 
apply only minimal pressure (slight TG deformation) to avoid compressing surface vessels. 
 
Problem 3: Bleeding enters the TG–cuboid interface after fixation. 
This indicates a gap between the TG and the cuboid face. Because the cranial base is concave, adjust the cuboid angle and 
confirm that there is no gap through which bleeding enters. Hold the cuboid steady until the adhesive cures, while avoiding 
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excessive pressure. Firmly pack Surgifoam to the cuboid base to fill residual side gaps and absorb bleeding around the 
cuboid. 
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