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SUMMARY:
Here, we present a protocol for creating a pulpitis model in NMRI (Naval Medical Research Institute) mice. Additionally, steps for making a jaw retraction clip and preparing slides for histology from the animal jaw are described. By following a standard protocol, variations in methodology and results can be avoided.

ABSTRACT:
The Naval Medical Research Institute (NMRI) mice have not been reported previously for creating a dental pulp inflammation model. In this protocol, we present an animal model employing NMRI mice and provide detailed histological procedures for the pulpitis model to ensure reproducibility. We included 70 NMRI mice that were randomly assigned to two groups: Group A (n=35), in which pulpitis was induced by the pulp exposure alone, and Group B (n=35), which received pulp exposure followed by Zymosan application. After the pulp exposure of the right maxillary molar, animals were sacrificed at designated time intervals (0, 6, 9, 12, 24, 48, and 72 h). The maxillary jaw was obtained for histology and quantitative histomorphological analysis. A time-dependent gradual increase in inflammation was observed in histological analysis for both groups. Both animal models allowed the study of inflammation up to 72 h. The technique presented in this paper is reproducible and will help standardize the histological study of pulpitis.

INTRODUCTION: 
Various animal models have been used to study pulpitis1–4. Among these, mice models based on C57BL/6 and BALB/c are exclusively reported in pulpitis research5–8. Both are inbred and have strict requirements for breeding7,9. The NMRI mice used in the current protocol are an outbred strain, offering multiple advantages over the inbred strains. It has low set-up and maintenance costs. High reproduction, better immunity, and low mortality result in earlier and greater turnover of colonies10. Therefore, it is logistically and financially more feasible11. Moreover, our results indicate that the disease profile of pulp inflammation produced in this model is similar to the previously reported models on inbred mice5,6,8. Moreover, NMRI mice can withstand exposure of pulp to Zymosan for up to 72 h, developing an observable disease profile. This is a viable alternative to other inbred strains for studying pulpitis12.  

Zymosan is an extract of the cell wall of Saccharomyces cerevisiae, and it is mainly made up of chitin, mannans, mannoproteins, and ß-glucans13. Zymosan and Candida albicans share a similar cell wall structure and are detected by host innate immunity via a C-type lectin, pathogen recognition receptor, Dectin-114. Dectin-1 is mainly expressed by dendritic cells and macrophages. It detects ß-glucans in fungal pathogens and uses the Syk/CARD9 pathway for the formation of inflammatory mediators15. Therefore, Zymosan is a viable alternative for studying the effect of exposure by C. albicans on pulp disease instead of using the organism16. This is supported by our previously published results, which show an early detection of Dectin-1 transcripts in Zymosan-exposed pulp. Similarly, Dectin-1 expressing CD68+ve macrophages were observed as well12. 

Histological techniques described in previous publications are often insufficient for novice researchers to reproduce with confidence. Consequently, extensive trial and error occur, leading to unnecessary animal loss during optimization of histological procedures. The present protocol standardizes the slide preparation technique and has been successfully applied to rats as well17. Here, all essential steps of the pulpitis model are described in detail, including a reproducible method for jaw retraction, induction of pulpitis by pulp exposure, induction of pulp inflammation using Zymosan, and subsequent histological analysis.

PROTOCOL:
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The current animal study was designed in accordance with the ARRIVE guidelines. The Institutional Review Board for Animal Research and Ethics of Dow University of Health Sciences approved this animal study (Letter no. AR.IRB-06/DUHS/Approval/2016/05). The protocol included a total of 70 NMRI mice. The animals were obtained from the ‘Central Animal House Facility of Dow Institute for Advanced Biological and Animal Research. The sample size of this protocol is based on a previous study8.

1. Animals

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]NOTE: The animals selected for the study weighed 26–30 g and were kept in standard cages under the following conditions: a temperature of ±21 °C, relative humidity of ±55%, and a 12 h light/dark ratio with freely available filtered water and standard feed (normal chow diet). There was regular monitoring for any sign of aggression, discomfort, or irritation. Diclofenac sodium (200 µL subcutaneously, 25 mg/mL) was used in the event of pain or discomfort. They were allowed to acclimatize for two weeks prior to any experimentation. Ten animals each were kept in appropriately labelled cages. For animal identification, a marker was placed on its tail.

1.1 Divide the animals (n=70) randomly into two groups: Group A (n=35), Group B (n=35).

1.2 In Group A, induce pulpitis by the exposure of the pulp only (See step 4.1.1 to step 4.1.9). 

1.3 For Group B animal, apply Zymosan solution over exposed pulp (See step 4.2.1 to step 4.2.3).

2. Zymosan solution

2.1 Follow a previously published method for preparation of Zymosan solution as described below18.

2.2 Use Phosphate-buffered saline (PBS) to make a solution of 1 mg/mL from 1 mL of Zymosan. 

2.3 Autoclave the solution at 121 °C for 15 min. 

2.4 Allow the solution to cool to room temperature for 1 h. 

2.5 Centrifuge the solution at 4 °C and 300 x g for 10 min. 

2.6 Discard the supernatant and wash the pellet three times by re-centrifugation with ice-cold sterile PBS. 

2.7 Store the solution at 4 °C until further use. 

NOTE: The solution must be used within 30 days, after which it may be discarded.

3. Jaw retraction clip

3.1 Use 0.7 mm stainless steel orthodontic wire to make a jaw retraction clip. 

3.2 Take a wire of 100 mm length and make a loop of 5 mm diameter in its center. 

3.3 Turn both parts of the wire 5 mm from the loop and 15 mm in total at right angles without sharp bends. 

3.4 At a distance of 25 mm from the turn, make a notch and turn the remaining end outwards. Use Figure 1A for guidance.

4. Animal model

4.1 Group A (n = 35)

4.1.1 Anesthetize animals by an intraperitoneal injection of 0.1 mL/20 g of Ketamine-Xylazine cocktail (87.5 mg/kg Ketamine + 12.5 mg/kg Xylazine).

4.1.2 Use a 10x inclined long arm Stereomicroscope for all procedures (Figure 1B). Set the inclined arm in such a way that there is a direct view of the animal’s retracted maxillary teeth. (Figure 1C)

4.1.3 Squeeze the clip and place the notched part between the maxillary and mandibular incisors on either side of the clip. 

4.1.4 After releasing the clip, secure its ends with the help of adhesive tape (Figure 1C).

4.1.5 Use a dental tweezer to expand the cheeks of the animal with your non-working hand. (Figure 1D,E).

NOTE: Avoid excessive pressure. The injury from a tweezer can cause fatal bleeding and death of the animal.

4.1.6 Use a #1/4 round carbide bur with an E-type slow-speed handpiece in an electric micro-motor under 10x magnification to half of its depth in the center of the right maxillary first molar to make a class 1 cavity. Shadow of pulp may be visible at this moment (Figure 1D,E).

4.1.7 Run the bur gently at slow speeds in a sweeping motion. Use an electric motor to control the RPM.

4.1.8 Use a K-type number 15 endodontic file to expose the pulp (Figure 2B).

NOTE: The use of a #15 endodontic hand instrument must be extremely gentle, else a furcation perforation will ensue, which will only be evident once histological slides are prepared. The diameter of the #1/4 round carbide bur is 0.25 mm, and a #15K type file is 0.15 mm wide. Therefore, 0.15 mm will be the exposure size into the pulp (Figure 2C). 

4.1.9 Leave the exposed pulp open for induction of pulpitis

4.2 Group B (n = 35)

4.1.1 Repeat all the steps given at step 4.1 with the addition of the following.

4.1.2 Use a micropipette (0.2–2 µL) to place 0.2 µL of previously prepared Zymosan solution over the exposed pulp.

NOTE: Care must be taken while dispensing the Zymosan solution. Inadvertent spilling of the solution into the oral cavity can cause death of the animal. Therefore, gauze is used to drape the tooth so that excess Zymosan solution gets absorbed by gauze (Figure 2D). 

4.1.3 Leave the treated pulp open for induction of pulpitis by Zymosan solution. 

5 Sample preparation

5.1 Sacrifice five animals from each group at 0, 6, 9, 12, 24, 48, and 72 h by Carbon dioxide inhalation19.

5.2 Use a 7.25 L euthanasia chamber.

5.3 Do not pre-charge the chamber with CO2.

5.4 Place the animals directly into the chamber.

5.5 Add 100% CO2 at a fill rate between 30 and 70 % of the chamber volume per minute.

5.6 Keep the flow rate of CO2 at 5 L/min.

5.7 Warm up the CO2 and leave it to mix with the air present in the chamber.

5.8 Observe the animals for signs of unconsciousness within 23 minutes.

5.9 Monitor the animals for cessation of respiration and eyes to turn grey.

5.10 Keep the flow of CO2 for at least one minute after the cessation of respiration.

5.11 Confirm the death of animals before removing them from the chamber. Make sure that there is no respiration and the eyes appear pale.

5.12 Separate the heads of animals immediately after euthanasia. 

5.13 Use the untreated maxillary first molar of the left side of the animal sacrificed at 0 h as a control.

5.14 Use 10% buffered formalin in appropriately labelled 15 mL conical tubes to store the maxillary jaws for 2 days.    

6 Histology

6.1 Decalcify the fixed jaws in 10% formic acid for 3 days.

NOTE: After the third day, check whether a surgical blade can cut the jaw. If it is still not soft enough, immerse it again in 10% formic acid and check daily until it can be cut with a surgical blade.
	
6.2 Cut the jaw with a no. 22 blade. Make the cut parallel to the occlusal plane, along the sagittal plane, keeping the blade immediately on the palatal side of the palatal cusps of maxillary molars (Figure 3A).

6.3 Mark the occlusal surface of all teeth with India Ink.

NOTE: This marking will help recognize the occlusal surface during sectioning (Figure 3B).

6.4 Embed the sectioned jaw in paraffin wax in a stainless-steel base mold casing by lying it flat against the base of the mold with the cut surface facing the base. 

NOTE: Embedding in this way ensures that the cut surface enters the microtome first, the sample orientation is correct, and that the sagittal sections are produced as shown in Figure 3E.

6.5 Remove the embedding cassette containing the embedded jaw from the base mold and place it in a microtome.

6.6 Make 3 μm thick sagittal sections and place them on a clean, charged microscope slide (Figure 3C). 

6.7 Observe unstained slides under a compound microscope.

NOTE: Keep observing the cut sections until the cavity is visible on the occlusal surface. If the sections are correctly made along the sagittal plane along the long axis of the maxillary first molar, one will observe the entire pulp space showing either one or two roots and pulp chamber (Figure 3E). From this point onwards, one can theoretically make 50 slides from one section since the size of exposure is 0.15 mm. (3 μm = 0.003 mm, 0.003 x 50 = 0.15)

6.8 Perform standard steps of Hematoxylin and Eosin staining procedures for the selected slides showing either one or two roots, along with the entire pulp chamber.  

6.9 Observe the stained slides under a compound microscope.

6.10 Select five best slides per time interval that will allow observation of the maximum pulp space.  

7 Statistical analysis

7.1. Perform statistical analysis using standard statistical software. 

NOTE: For quantitative histomorphological analysis, the observed slides from each time interval were scored according to a previously published criterion (Table 1)8. Kruskal-Wallis H test with Bonferroni correction at p=0.0018 was used to compare scores of different time intervals. The Mann-Whitney U test was used at p ≤ 0.05 to compare Groups A and B. All comparisons were carried out using standard statistical software.


REPRESENTATIVE RESULTS:
In this protocol, we present a detailed step-by-step procedure for two animal models of dental pulp inflammation in NMRI mice, along with their corresponding histological methods. Use of appropriate equipment is essential for the success of the protocol. In this regard, the 10x inclined long-arm stereomicroscope is the most crucial piece of equipment. The class 1 cavity preparation was performed using an electric micromotor at approximately one-third of its maximum speed (35,000 rpm), making the procedure manageable and eliminating the need for compressed air.

Figure 1 and Figure 2 demonstrate the utility of the inclined long arm stereomicroscope in this animal model. The inclined arm allows direct visualization of the animal’s oral cavity. Figure 1A shows the dimensions of the jaw clip. Although the measurements are provided, it is not necessary to have the exact dimensions. With trial and error, the operator can choose the dimensions that suit the operator. In Figure 2, the steps of cavity prep and pulp exposure are shown. Intermittent cavity prep is recommended to avoid excessive heat generation. A chip blower can be used to dissipate heat and blow away the cut debris. A small piece of sterile, wet gauze can be used to clean the cavity before using the K-file for pulp exposure. Gauze must be draped around the tooth while administering the Zymosan solution with a micropipette (Figure 2D). The spilled Zymosan solution can cause the unintended death of the animal. 

Observation of unstained slides during sectioning with the microtome is crucial; otherwise, protocol errors, such as perforation, may go unnoticed. Moreover, incorrectly sectioned planes or sections that lack adequate pulp space will make the staining procedures ineffective. All slides selected using the above-described protocol enabled visualization of the entire coronal pulp space and radicular pulp in at least one canal (Figure 4 and Figure 5). 

The mice were sacrificed at given time intervals, and as shown in Figure 3D,E, the unstained slides were first checked for appropriateness before proceeding to staining. A time-dependent increase in pulp inflammation was observed in both groups. At 0 h, the pulp tissue was intact. At 6 h, infiltration of inflammatory cells was observed in both groups adjacent to pulp perforation. Destruction of the odontoblast was seen in Group B. At 12 h, inflammation spread across the coronal pulp. At 48 h, the necrosis of pulp tissue appeared. The 72 h slides showed the spread of tissue necrosis, inflammatory cells, and extravasated red cells to the radicular pulp. 

A quantitative histomorphological analysis of inflammatory spread in the pulp corroborated the above-mentioned findings (Table 2 and Table 3). There was a statistically significant increase in inflammation from 12 h to 72 h (p ≤ 0.01). However, there was no statistical difference between groups A and B. A statistically non-significant finding was the appearance of necrosis in 48 h samples in Group B. It was one of the most consistent findings.

FIGURE AND TABLE LEGENDS:
Figure 1: Setup of the mouse model. (A) Jaw retraction clip. Approximate dimensions are given (B) 10x inclined long-arm stereomicroscope. (C) An inclined arm set up to allow direct vision into the animal’s oral cavity. (D) The non-working hand holds the jaw clip and tweezers, allowing use of a ¼ carbide bur on maxillary first molar (Note: this is the working position for a left-handed operator. For a right-handed operator, reverse the arrangement). (E) A close-up of D.

Figure 2: Scheme of pulp exposure. (A) Prepared class 1 cavity. (B) Pulp exposure using a K-type (number 15) endodontic file. (C) Dimensions of the cavity and pulp exposure (in millimeters). The larger double arrow shows the dimensions of the Class 1 cavity, and the smaller double arrow shows pulp exposure with a K-type number 15 endodontic file. (D) Use of a micropipette to deposit Zymosan solution. Gauze is visible on the buccal and distal aspects.

Figure 3: Histological steps. (A) The decalcified jaw. The small arrow shows the maxillary first molar. The larger arrow shows the position of the plane of section. (B) Embedded jaw. The arrow indicates the occlusal surface marked with India Ink. (C) A sample is placed in the microtome for sectioning. (D) Unstained slide showing sagittal section of maxillary first molar. The sectioning plane has not reached the desired plane. (E) Unstained slide showing sagittal section of maxillary first. The sectioning plane has reached the plane of tissue that shows pulp exposure (arrow), coronal pulp space, and radicular pulp.

Figure 4: Histological images of group A. (A) Control. (B) 0 h. (C) 6 h. (D) 9 h. (E) 12 h. (F) 24 h. (G) 48 h. (H) 72 h (40x). The images show a time-dependent increase in inflammatory response. The images labelled A1, B1, C1, D1, E1, F1, G1 and H1 show 400x magnification of selected areas of respective images. Red blood cell extravasation is indicated with an arrow. The triangle indicates necrosis. (scale bars = 50 µm). Modified image reproduced with kind permission of Springer Nature12. (Order No. 502007365)

Figure 5: Histological images of group B. (A) 0 h. (B) 6 h. (C) 9 h. (D) 12 h. (E) 24 h. (F) 48 h. (G) 72 h (40x). The images show a time-dependent increase in inflammatory response. The images labelled A1, B1, C1, D1, E1, F1, F2, G1 and G2, show 400x magnification of selected areas of respective images. Red blood cell extravasation is indicated with arrows. The triangle indicates necrosis. (scale bars = 50 µm). Modified image reproduced with kind permission of Springer Nature12. (Order No. 502007365)

Table 1: Parameters and Scores for quantitative Histomorphologic Analysis. Modified table reproduced with kind permission of Springer Nature12. (Order No. 502007365)

Table 2: Histomorphology scores: Group A (%). * indicates significant time interval (p<0.0018). p-value calculated using Kruskal-Wallis H. Modified table reproduced with kind permission of Springer Nature12. (Order No. 502007365)

Table 3: Histomorphology scores: Group B (%). * indicates significant time interval (p<0.0018). p-value calculated using Kruskal-Wallis H. Modified table reproduced with kind permission of Springer Nature12. (Order No. 502007365)

DISCUSSION:
The current protocol presents the development of a type 3 dental injury model (irreversible pulpitis) in NMRI mice for the first time in reported literature. It also details the histological analysis of Zymosan-induced pulp inflammation and provides a reproducible method for preparing histological slides from animal jaws. 

Following this protocol, a type 3 dental injury model was produced in NMRI mice. Previous research work was performed on rats, rabbits, and dogs1–4. It is relatively easier to produce pulp inflammation models in large animals due to the size of the oral cavity. Although small animals like mice have extremely narrow oral spaces, they carry the benefit of allowing a large sample size and few ethical concerns20,21. Among mice, the C57BL/6 and BALB/c strains have been widely reported5–8. Our protocol is the first to report the use of outbred strains, i.e., the NMRI mice, for a dental pulp inflammation model.

A murine dental pulp inflammation model must be physically stable and anatomically consistent to allow the study of inflammation for up to 72 h. Additionally, the pulp tissue must be sufficient in quantity and quality to allow its study by various molecular and histological methods. In comparison to the inbred strains, i.e., the C57BL/6 and BALB/c mice, our results show that the NMRI mice show a similar inflammatory profile12,22. The dental pulp model based on this protocol allowed study of inflammation for up to 72 h, with minimal anatomical variation.

The jaw retraction clip used in this protocol is a cost-effective and easily accessible tool that provides clear access to the oral cavity. This method was described by Song et al.23 and its use was reported previously by us12,17,22,23. Other methods reported in the literature previously for jaw retraction include a jaw retraction/surgical board24–29, metal tweezers30,31, wire and elastic32,33, a mouse stereotaxic frame34 and a mouth gag35,36.

A jaw retraction board offers multiple options for animal restraint and comfort. A mouse stereotaxic frame provides the operator with multiple options for producing an animal model. Metal tweezers alone are insufficient and require support to keep the mouth open. The wire-and- elastic method of jaw retraction is a cost-effective approach. Similarly, the recently reported mouth gag is also a cost-effective method.

Among these equally efficient methods, the specialized jaw retraction boards and the stereotaxic frame are not cost-effective and may not be available in all geographical regions. Metal tweezers must be used with caution while providing retraction in the maxillary jaw due to the proximity of the brain and other vital structures. Wire-and-elastic devices and mouth gags represent viable alternatives to the method described here, as the required materials are widely available.

In this protocol, we have described the histological protocol in detail. Although the study by Song et al.23 does provide some details, it is focused on the pulp capping model with MTA23. Therefore, a more comprehensive description of the histological methods was needed.  Describing this method in enough detail has many benefits. It allows standardization for making slides for future research. It may also assist resource-limited laboratories in which technical facilities for histology are available, but training in processing animal jaw specimens for dental pulp evaluation is limited. 

Zymosan was used to evaluate the effect of a fungal antigen on pulp inflammation. Zymosan has been reported for inflammation-based models in other organs37–40. However, its application in pulpitis models is novel, as most previously reported methods rely on bacterial cell wall extracts or other chemical agents. For instance, the most commonly reported pulpitis model is based on the extract of Gram-negative bacterial cell wall (lipopolysaccharide)34,41–46. Other methods that were reported previously include the extract of Gram-positive cell wall (lipoteichoic Acid ), Streptococcus mutans, glutaraldehyde, matrix-metalloproteinase solution, dental carious lesions, and bovine dermal collagen47–50.

Zymosan, an extract of the cell wall of Saccharomyces cerevisiae, mimics the cell wall of  C. albicans. β-glucans are the main constituent of the C. albicans cell wall and are also present in Zymosan14. Due to this structural similarity, zymosan can be used to mimic C. albicans infection of dental pulp in in vivo models. β -glucan is detected by Dectin-1, a C-type lectin which is present on cells of innate immunity, e.g., macrophages and dendritic cells14,37. 

Possible limitations of the current protocol include leaving the cavity open after Zymosan application. Another limitation is the use of metal tweezers to retract the cheek, which can cause fatal injury. In future studies, the use of rubber-coated metal tweezers is recommended. Additionally, a semi-solid vehicle may be used to apply Zymosan, allowing closure of the cavity with suitable restorative material.

In conclusion, the animal model of pulpitis based on NMRI mice is a reproducible, cost-effective, and logistically feasible model suitable for histologic and immunologic studies of dental pulp inflammation. The detailed description of jaw retraction clip fabrication and histological slide preparation supports protocol standardization. In addition, the use of Zymosan to investigate fungal pathogen–induced dental pulp inflammation is described.
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