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A third of all pediatric fractures involve the growth plate and can result in impaired bone growth. The growth plate (or physis) is cartilage tissue
found at the end of all long bones in children that is responsible for longitudinal bone growth. Once damaged, cartilage tissue within the growth
plate can undergo premature ossification and lead to unwanted bony repair tissue, which forms a "bony bar." In some cases, this bony bar

can result in bone growth deformities, such as angular deformities, or it can completely halt longitudinal bone growth. There is currently no
clinical treatment that can fully repair an injured growth plate. Using an animal model of growth plate injury to better understand the mechanisms
underlying bony bar formation and to identify ways to inhibit it is a great opportunity to develop better treatments for growth plate injuries. This
protocol describes how to disrupt the rat proximal tibial growth plate using a drill-hole defect. This small animal model reliably produces a bony
bar and can result in growth deformities similar to those seen in children. This model allows for investigation into the molecular mechanisms of
bony bar formation and serves as a means to test potential treatment options for growth plate injuries.

Video Link

The video component of this article can be found at https://www.jove.com/video/55571/

Introduction

Growth plate injuries account for 30% of all pediatric fractures and can result in impaired bone growth In addition to fractures growth plate
injuries may be caused by other etiologies, including osteomyelltls2 primary bone tumors3 radiation and chemotherapy and iatrogenic
damage The growth plate (or physis) is a cartilage region at the end of children's long bones that is responsible for longitudinal bone growth.

It drives bone elongation through endochondral ossification; chondrocytes undergo proliferation and hypertrophy and are then remodeled by
incoming osteoblasts to form trabecular bone®. The growth plate is also a weak area of the developing skeleton, making it prone to injury. The
major concern with growth plate fractures or injuries is that the damaged cartilage tissue within the growth plate can be replaced with unwanted
bony repair tissue, also known as a "bony bar." Depending on its size and location within the growth plate, the bony bar can lead to angular
deformities or complete growth arrest, a devastating sequela for young children that have not yet reached their full he|ght

There is currently no treatment that can fully repair an injured growth plate. Once the bony bar forms, the clinician must decide whether or not

to surgically remove it®. Patients with at least 2 years or 2 cm of skeletal growth remaining and with a bony bar that spans less than 50% of

the growth plate area are usually candidates for bony bar resection®. Surgical removal of the bony bar is often followed by interposition of an
autologous fat graft to prevent reformation of the bony tissue and to allow the surrounding uninjured growth plate to restore growth. However,
these techniques are problematic and often fail, leading to bony bar recurrence and continued negative effect on growth There is a critical need
to develop effective treatments that not only prevent bony bar formation, but also regenerate the growth plate cartilage, thus restoring normal
bone elongation.

The molecular mechanisms underlying bony bar formation have yet to be fully elucidated. A greater understanding of these biological
mechanisms could lead to more effective therapeutic interventions for children suffering from growth plate i |njur|es Since studying these
mechanisms in humans is difficult, animal models have been used, especially the rat model of growth plate injury 1011121314188 "The method
presented in this paper describes how a drill-hole defect in the rat tibial growth plate leads to predictable and reproducible repalr tissue that
begins ossification as early as 7 days after injury and forms a fully mature bony bar with remodeling at 28 days after i |njury . This provides a
small animal in vivo model in which to study the biological mechanisms of bony bar formation, as well as to evaluate novel therapies that could
prevent the bony bar and/or regenerate the growth plate cartilage. For example, this model can be used to test chondrogenic biomaterials that
can regenerate growth plate cartilage and offer valuable treatment for children suffering from growth plate injuries. The techniques presented in
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this paper will describe the surgical methods used to produce the growth plate injury and the subsequent delivery of biomaterials to the injury
site. We will also discuss methods to assess bony bar formation and repair tissue.

All animal procedures must be approved by the local Institutional Animal Care and Use Committee (IACUC). The animal protocol for the
following procedure was approved by the University of Colorado Denver IACUC.

1. Obtain Rats

NOTE: Unless genetically modified animals are desired, 6-week-old, skeletally immature Sprague-Dawley rats are needed at the time of surgery.
Other strains could potentially be used; however, the majority of published studies have been performed on Sprague-Dawley rats.

2. Preparation of Surgical Supplies

1. Autoclave surgical supply packs that include one each of the following: #3 scalpel handle, needle holder, Adson forceps, and iris scissors.
Autoclave the keyless drill chucks. Drill chucks may be bead sterilized between animal surgeries when operating on multiple animals.
NOTE: Local IACUC rules pertaining to the use of sterile surgical tools on multiple animals must be adhered to. For example, the University
of Colorado Denver IACUC allows for one surgical tool set to be used on up to 5 animals before their discontinuation. Furthermore, surgical
tools must be heat sterilized using a bead sterilizer between animals. Additional sterile surgical packs must be used for any additional
animals.

3. Autoclave 5-cm Steinmann pins, one for each animal.

NOTE: To reduce the risk of infection, the Steinmann pins must not be used for multiple animals.

4. Autoclave 1.8-mm dental burs, one for each animal.

NOTE: To reduce the risk of infection, the dental burs must not be used for multiple animals.

Autoclave a wound clip applicator, if applicable. Alternatively, buried sutures may be used to close the cutaneous layer. See step 7.3.

If possible, sterilize a rotary drill using irradiation or gas sterilization.

Collect the following additional supplies: electric shaver, sterile 3-0 polyglycolic acid sutures, sterile gauze, povidone-iodine, sterile saline,

sterile 10-mL syringes, sterile 23-gauge needles, isopropyl alcohol swabs, isoflurane, calipers, post-surgical analgesics (e.g., NSAIDs and

buprenorphine), sterile surgical drapes, sterile surgical gloves, sterile #15 scalpel blades, sterile wound clips, anesthesia machine, bead
sterilizer, warming pad, and absorbent underpads.

No o

3. Anesthesia and Preparation of Animals

1. Anesthetize the animal by introducing it to a 1- to 2-L induction chamber receiving 1 L/min oxygen flow with 5% isoflurane from a vaporizing
system with a passive scavenging system.
NOTE: Exposure to 5% isoflurane should anesthetize 6-week-old rats within 5 min.

2. Move the animal to the surgical site and maintain the animal under anesthesia with 2 - 3% isoflurane using a nose cone for the remainder of
the procedure. Place the animal supine on a warming pad and an absorbent underpad.
NOTE: The animal does not need to be fixed to the surgical table. Holding the leg as specified in the steps below is a sufficient method of
stabilization.
NOTE: All subsequent procedures are to be done with the animal under anesthesia. 2 - 3% isoflurane should be sufficient to maintain
anesthesia in rats at this age. This can be confirmed by testing the bipedal withdrawal reflex.

3. Administer intraoperative analgesics in accordance with institutionally approved policies (e.g. buprenorphine at 0.05 mg/kg and carprofen at 5

mg/kg).

4. Preparation of the Tibia for Surgery

Shave the entire hind leg(s) from the medial malleolus to the pelvis with an electric shaver.

Measure and record the tibial length from the anterior tibial plateau to the inferior side of the medial malleolus using calipers. Alternatively,

measure the whole tibial length using X-ray or microCT 11214, Optionally, measure growth plate dimensions prior to surgery using X-ray or

microCT.

3. Clean the surgical site by wiping the entire leg(s), abdomen, and genitalia with alcohol swabs and then with povidone-iodine-soaked gauze.
NOTE: To minimize the risk of infection, all subsequent procedures, until the animal is removed from anesthesia (step 7.4), must be done
under sterile conditions. All of the surgical materials must be accessed using sterile technique. The use of a surgical assistant is highly
recommended to maintain sterility throughout the surgery.

4. Wearing sterile surgical gloves, place a fenestrated sterile surgical drape over the animal, leaving the leg(s) exposed through the central

fenestration.

N =
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5. Surgical Procedure to Access the Growth Plate

Lateral

~ Growth plate
angle

Medial

Side Growth plate Side

Semitendinosus

insertion

Figure 1:Overview of the Surgical Procedure.

A) Location of several anatomical markers used to create a successful growth plate injury. The knee capsule is immediately posterior to the
kneecap (white), separating the tibia from the femur. The tibial growth plate (dark red) can be seen inferior to the kneecap and circumventing the
tibia. The proximal growth plate is a mostly flat plane, except for the anterior quarter that forms a diagonal plane. The intersection of these two
planes forms the growth plate angle, which is used for appropriate drill angulation. The semitendinosus insertion is where the quadriceps muscle
inserts in the posterior tibia. B) Incision through the anterior-medial aspect of the tibial soft tissues to access the cortical bone. C) Location of the
cortical window using alignment with the distal semitendinosus insertion as a reference point. D) Evaluating the depth of the injury by aligning the
bevel on the dental bur with the cortical window.

1.

Make a ~1-cm incision through the skin along the medial-anterior aspect of the proximal tibia using a #3 scalpel handle and a #15 blade,
starting at the distal end of the medial femoral condyle (Figure 1A).
1. Pull the skin tight against the underlying bone and hold the leg firmly while making the incision.
NOTE: This will keep the skin incision at the desired location and will aid in the creation of a clean incision. Do not press too firmly with
the scalpel to avoid puncturing the knee capsule, which would result in profuse bleeding and will make the remaining steps difficult.

Make note of important anatomical markers, including: 1) the growth plate, 2) the growth plate angle, 3) the knee capsule, and 4) the
semitendinosus insertion (Figure 1A).
Using the scalpel, make a ~ 0.5-cm incision through the fascia and soft tissues on the medial-anterior aspect of the proximal tibia, from the
growth plate to the bottom of the skin incision (Figure 1B).
Gently dissect or scrape away the fascia and soft tissues from the tibia using the scalpel (Figure 1B).
NOTE: It is important to remove or scrape as much soft tissue from the tibia as possible so as not to interfere with the drilling steps.
Drill a cortical window through the tibial cortical bone at the diaphysis with a Steinmann pin attached to a rotary tool at 10,000 RPM (low
speed of the rotary tool specified in the materials section). Create the cortical window such that it aligns with the distal semitendinosus
insertion (Figure 1C).
1. Hold the drill perpendicular to the tibial diaphysis and drill slowly, being careful not to drill through the other side of the diaphysis; the
cortical window needs to be only ~ 2 mm in depth and will be made when no resistance is felt.
2. As above, hold the leg firmly with the other hand.
NOTE: A dental bur may be used for this step. However, if a dental bur is used, the leg must be held very firmly to make a clean
cortical window and to ensure that the bur grabs and cuts the bone at the desired location. A Steinmann pin is recommended for this
step, given its far superior cutting ability.

Dab the cortical window with gauze, as light bleeding is expected.
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6. Creating the Growth Plate Injury

1. Create a drill hole injury through the central growth plate using a 1.8-mm dental bur attached to a rotary tool.
NOTE: The proper depth, angle, and direction are critical in disrupting the central growth plate (Figure 1C and D). Instructions for attaining
the appropriate depth, angle, and direction are given below.

1. To measure the appropriate depth using the dental bur, begin by aligning the end of the dental bur with the proximal tibia, where the
semitendinosus crosses the knee capsule (Figure 1C).

2. With the end of the dental bur at the knee capsule, follow the bur shaft along the semitendinosus and make note of where the bur
aligns with the cortical window. This is the appropriate depth for the bur to fully disrupt the growth plate without disrupting the articular
surface (Figure 1C).
NOTE: The dental bur is used to measure the appropriate depth. The bur may be marked with a permanent marker at the location
where it aligns with the cortical window to reference the depth during drilling. However, if the anatomical markers and the above
protocol are closely referenced, the first bevel on the dental burs specified here (FG6) will align appropriately with the cortical window
(as seen in Figure 1C).

3. To attain the appropriate drill angle, hold the rotary tool at an angle of less than 30° with respect to the tibial diaphysis.
NOTE: This is a visual approximation.

4. To attain the appropriate drill direction, aim for the growth plate angle (Figure 1C). Draw a visual line along the dental bur to the growth
plate angle to aid in creating a central defect.

5. Turn on the rotary tool to 10,000 RPM (low speed of the rotary tool specified in the materials section) before entering the cortical
window.

6. With the rotary tool at an appropriate angle and direction, enter the cortical window and push the rotary tool until the bur marker aligns
with the cortical window. Once the proper depth is attained, remove the rotary tool.

NOTE: Perform the growth plate disruption in one, quick motion, using minimal time with the bur in the growth plate in order to create a
clean injury. This is important for data analysis.

2. Dab the cortical window with gauze for ~ 30 s, as bleeding is expected.
3. Ensure the appropriate depth of the injury by again measuring the bur length (step 6.1.2).
1. Insert the bur into the drill track (with the rotary tool off) and align the marked bur with the cortical window (Figure 1D).

4. If the depth is inadequate, turn the rotary tool on and push to the desired depth.

NOTE: Although a second round of drilling is not ideal, fully disrupting the growth plate is paramount to the development of the bony bar.
5. Rinse the drill track with ~ 3 mL of sterile saline using a 10-mL syringe and a 23-gauge needle.
6. Dry the wound with gauze.

7. Post-Injury Procedures

1. If evaluating a biomaterial-based growth plate treatment, inject the biomaterial through the drill track into the injury site using an appropriately
sized needle (18- to 26-gauge, depending on the biomaterial viscosity).
NOTE: The volume of the growth plate injury is ~ 3 pL, and the volume of the drill track is ~ 20 yL. The maximum volume of material that can
be injected into the growth plate injury and drill track is between 20 and 25 pL.

2. Close the wound by suturing the fascia with 3-0 polyglycolic acid sutures. Apply bone wax over the cortical window to isolate the underlying

bone (optional).

Close the skin incision with buried sutures or wound clips.

NOTE: Wound clips are recommended, as the animal will scratch at the injury site and may open the wound.

Remove the animal from isoflurane anesthesia, place it on a warming blanket, and monitor it until it is awake.

To reduce the risk of infection, place the animal in a new cage containing dry, autoclaved bedding.

Allow the animal to bear weight post-operatively.

Monitor the animal every 12 h for 72 h after surgery to check for signs of infection, to ensure that the wound clips remain in place, and to

administer postoperative analgesics in accordance with institutionally approved policies (e.g. buprenorphine at 0.05 mg/kg every 12 h for 36 h

and carprofen at 5 mg/kg every 24 h for 72 h).

8. Remove the wound clips 10 - 14 days post-surgery under anesthesia.

Representative Results

Successful growth plate injury using this method involves the disruption of the center of the tibial growth plate without disrupting the articular
cartilage surface. Bony repair tissue has been reported to begin at approximately 7 days post-injury and becomes fully developed by 28 days
post-injury”, as visualized by micro computed tomography (micro CT) (Figure 2). Although these timepoints were chosen here to display the
beginning and maturation of bone formation based on previously published data, other timepoints can be used to investigate the various stages
of the repair process, from day 1 to 6 months post-surgery”. Table 1 gives an overview of bone volume formation within surgically injured rat
growth plates 28 days post-surgery from three independent runs by providing (1) the bone volume fraction within the entire growth plate and (2)
the bone volume fraction within the repair tissue area on|y15. The data are reported as the mean percent + the standard deviation and indicate
that similar results were obtained between the independent runs. Variance among the different runs was analyzed by a one-way analysis of
variance (ANOVA) and shows no statistically significant difference between the runs, suggesting the reproducibility of the model. Alcian blue
hematoxylin (ABH) with Orange G/Eosin counterstain'® was used to histologically show a variety of repair tissues at different stages of bony bar
formation (Figure 2). Using this histological stain, different types of repair tissue, including mesenchymal, cartilaginous, bony trabeculae, and
bone marrow, can be identified and quantified16.

w
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Several problems may arise from incorrectly following the above procedures. An insufficient drill depth will not disrupt the growth plate, which
will result in little or no bony bar formation. Disruption of the articular cartilage surface creates a larger injury that can introduce articular
cartilage into the growth plate injury site, complicating the healing process (Figure 3A). Disrupting the growth plate at an inappropriate angle
or direction results in a non-central injury (Figure 3B). In this case, bony bar formation will still occur, although it will be lateral or medial to the
desired location. Overall, repair tissue formed after growth plate injury may be analyzed in a variety of ways, including microCT, quantitative
PCR, histological staining, and immunohistochemistry. In addition to histological and molecular measurements, limb length and growth plate
measurements provide an important measure of whole bone growth. Affected limbs have been reported to experience growth reduction
compared to uninjured control limbs™. Limb Iength can be measured at different timepoints throughout the course of the study using microCT
images to investigate limb length discrepancies 4, Examples of timepoints previously used include 28 days and 56 days post-injury. Growth
plate measurements, including overall height, zonal heights, and tether formation, can also provide important information on the tissue repair
process13'14'15. Ideally, one should take limb lengths and growth plate measurements before surgery to have a baseline value. To further
elucidate biological mechanisms or to test the efficacy of a treatment, appropriate control groups should be designed and include unaffected
limbs and limbs that underwent surgery but are left untreated.

Biomaterials may also be tested in this growth plate injury model. As an example, a chitosan microgel19 was injected into the growth plate injury
site, as described in step 7.1, and it is clearly seen at the injury site in Figure 4. Subsequent analysis may involve determining the effects of the
biomaterial on repair tissue composition, limb length, and growth plate measurements, as discussed earlier.

MicroCT _ ABH Stai

ning

Figure 2. Successful Growth Plate Disruption and Bony Bar Formation.
Bony bar formation is seen at 7 days post-injury with microCT and confirmed through Alcian blue hematoxylin (ABH) staining. The bony bar is
fully mature by day 28 post-injury, as seen with microCT and ABH staining. Please click here to view a larger version of this figure.
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MicroCT ABH Staining

Figure 3. Potential Outcomes of Incorrect Drilling.
A) Drilling too far through the tibia can disrupt the articular surface, which complicates the healing process and may lead to inconclusive results.
B) Incorrect angulation of the drill can lead to a non-central growth plate injury. Please click here to view a larger version of this figure.

Figure 4. Treatment of a Growth Plate Injury with a Biomaterial.
ABH staining shows the chitosan microgel in the injured growth plate.

Metric Run 1 Run 2 Run 3 P-value

Bone volume fraction within |9.76 +/- 3.81% 10.52 +/- 4.06% 11.93 +/- 2.04% 0.5493
the whole growth plate

Bone volume fraction within [41.5 +/- 8.33% 46.08 +/- 10.12% 46.77 +/- 8.14% 0.5128
the repair tissue area

Table 1. Bone Volume Fraction Data.
Data was from micro CT images at 28 days post-injury on untreated rats from three independent runs.

A growth plate injury animal model greatly adds to our understanding of the biological mechanisms of this injury, thus potentially leading to

more effective therapeutic interventions for children suffering from growth plate injuries. To successfully create a bony bar and to study its
formation in vivo using the model presented in this work, it is critical to disrupt the growth plate by drilling to a sufficient depth, without disrupting
the articular cartilage. Variation in surgical implementation among animals and, to a lesser extent, variation in anatomical markers may lead to
problematic results. We recommend practicing the procedures outlined above on cadaveric animals to ensure successful growth plate injury
before performing the procedure for live animal studies. While cadaveric animals lack tissue pliability and will not bleed, the growth plate injury
procedure and anatomical features on these animals will be similar to those of live animals. Furthermore, the cadaveric tibial growth plate can
be dissected easily, as the epiphysis separates from the metaphysis through the application of light force, and the location of the drill hole can be
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observed. This quick analysis allows for technique modifications to learn the proper drill depth and angulation on cadaveric animals, without the
need for imaging.

It should be noted that other animal models of growth plate injury exist. A similar transphyseal defect has been performed in the mouse and

led to bony bar formation?’. Despite its smaller size, it can also be used to study the mechanisms involved in bony bar formation. Coleman

et al. reported on another valid rat model of growth plate injury, where a central transphyseal defect was created in the distal femur by drilling
through the articular cartilage21. This approach also led to the formation of a bony bar and limb length ine%ualities, as in the model presented
here. Other animal models of growth plate injury and treatment have included rabbitszz, pi9523, and sheep 4 While larger animal injury models
may more closely represent clinical injuries, the rat model is useful for research on the biological mechanisms of physeal injuries. For example,
the rat model presented here has been used extensively to investigate molecular mechanisms of physeal injury and the bony bar formation
process1°’11'12’13’14'15’16. Furthermore, the rat model can be used to test various physeal treatments before moving to larger animal models.
However, a challenge of this rat model of growth plate injury is that the drilling is done inside the bone, making it impossible to observe where the
drill hole is located within the growth plate. Thus, successful disruption of the growth plate on live animals can only be confirmed using imaging
techniques at the time of surgery or by assessing bony bar formation between 7 to 28 days post-surgery. With practice, a high degree of success
in obtaining bony bar formation can be achieved, but early studies can result in a number of animals that lack the formation of a bony bar, due
either to an uninjured growth plate or to insufficient disruption of the growth plate.

Another limitation of this model is that drill hole injuries do not represent normal growth plate injuries in children, which usually occur due

to fracture®. Fractures within the growth plate can be classified using the Salter-Harris classification systemze. Type |l and type IV growth

plate fractures most commonly contribute to the physeal injuries that lead to bony bar formation. The growth plate injury type presented here
most closely relates to a type VI growth plate injury, a rare class of injury in which the physis is removed by a trauma or puncture wound.
However, since the pathophysiological mechanisms underlying bony bar formation after growth plate injury remain elusive, the rat model
remains important to uncover this process in order to develop novel treatment options for children suffering from all types of growth plate injuries.
The method described here reliably creates a bony bar and can be used to study multiple aspects of the growth plate injury repair process in
vivo' 727 28.29.30.3182 1t has also been shown that this rat model results in reduced tibial growth after growth plate injury13, which makes it an

even more interesting animal model to test novel treatment options that lead to growth plate regeneration and the potential restoration of bone
elongation.

In conclusion, this paper details the methods to create a growth plate injury model with which to investigate bony bar formation and potential
treatments for growth plate injuries in vivo. This rat model allows for relatively inexpensive and quick studies, given that a bony bar is fully mature
28 days after growth plate injury. In addition to developing our understanding of the molecular mechanisms of bony bar formation in vivo, this
model may be used to test biomaterials that inhibit bony bar formation and encourage growth plate cartilage regeneration.
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