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Abstract 

 

Title of Thesis: Histomorphometric Analysis of Mouse Growth Plate during Maturation 

and Senescence. 

Kimberly Wilson, Master of Science, 2018 

Thesis Directed by: Motomi Enomoto-Iwamoto, PhD, Department of Orthopaedics, 

University of Maryland, Baltimore 

 

    The growth plate (GP) is cartilage tissue at both ends of long bones and plays an 

essential role for long bone formation and growth. GP changes in overall height, width, 

zone proportion, cell density and size during skeletal growth and becomes arrested upon 

skeletal maturation. There is limited information on GP microscopic changes. To 

establish GP histomorphometric parameters changes throughout skeletal maturation, the 

tibia of C57Bl/6J mice were evaluated from neonatal to young adult stages. GP histology 

in the proximal tibia was analyzed regarding total and zone height, width and area. The 

results showed unique GP changes in width, height and area during growth. The 

parameters also showed strong correlation with growth rate of the tibia. We studied GP 

proliferation activity and also found its correlation with tibia growth rate. The results of 

this study provide groundwork that will aid skeletal research on understanding of GP 

changes during bone growth. 
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Chapter One 

Background 

Skeletons 

The mammalian skeleton is divided into two types, appendicular and axial skeletons. The 

axial skeleton is comprised of the vertebrae, skull and rib cage while the appendicular 

skeleton encompasses the remaining bones of the upper and lower limbs, pectoral and 

pelvic girdles. Together these bones serve many functions such as support and movement 

of body, protection of internal organs, blood cell production and storage of minerals. 

Regarding shapes and functions, there are five types of bones; long, short, flat, irregular, 

and sesamoid (1). Bones form through two separate mechanisms, intramembranous or 

endochondral ossification. Craniofacial bones form through intramembranous ossification 

where the bone is directly produced from mesenchymal cells.  The entire appendicular 

skeleton and much of the axial skeleton forms through endochondral ossification where 

bone is produced from a cartilage intermediate (2).   

Long bone and growth plate 

The focus of this study is a long bone that is made through endochondral ossification. 

Long bones are longer than they are wide. These bones consist of a middle shaft called 

the diaphysis flanked by two ends, the proximal and distal epiphysis. Between the 

diaphysis and epiphysis lies the metaphysis. The metaphysis is a thin portion of long 

bone that contains the growth plate (GP). The GP is a layer of cartilage responsible for 

longitudinal bone growth.  It is present in children and adolescences but as growth stops 

in adults, the growth plate fuses and is replaced by the epiphyseal line in humans (1, 3). 
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 The GP is composed of cartilage cells known as chondrocytes that arrange themselves 

into multiple zones while also changing in size and distribution as it moves from the 

epiphysis to the diaphysis (4). The zones of the GP can be defined as the resting, 

proliferation, prehypertrophic, hypertrophic and ossification zone. Chondrocytes are in 

various stages of differentiation within each GP zone. In the resting zone, chondrocytes 

are small and round with low proliferation activity. In the proliferation zone, 

chondrocytes proliferate rapidly to supply new chondrocytes to the growth plate. They 

start to form an organized columnar structure. In the prehypertrophic zone, chondrocytes 

reduce their proliferation and increase cartilaginous matrix production, including 

proteoglycans and collagen II, and embed themselves within it. As the chondrocytes 

reach the hypertrophic zone, they increase in size, express unique molecules such as 

collagen 10, remodel the extracellular matrix (ECM) and induce matrix calcification (5, 

6). Cartilage contains a large amount of ECM, collagens and proteoglycans that provides 

strength, flexibility and scaffold for cells. The GP alters the ECM quality and quantity in 

each zone. The ECM can provide useful insight into understanding changes in activity 

and function of GP. Blood vessels invade later hypertrophic zone cartilage bringing 

osteoblasts and osteoclasts, both of which are major cellular components of bone and 

responsible for the synthesis of and breaking down of bones.  Calcification of the ECM 

provides a scaffold for osteoblasts to synthesize bone onto while osteoclasts absorb the 

calcified cartilage leaving bone in its place (7-9).  

Contribution of growth plate to skeletal growth 

The combination of chondrocyte replication in the proliferation zone, an increase in 

matrix volume in the prehypertrophic zone, an increase in cell size in the hypertrophic 
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zone and the ossification of matrix in the late hypertrophic zone allows for longitudinal 

bone growth (7-9). Where these new chondrocytes are supplied from is not well 

understood however, it is from the reservoir zone, an area above the resting zone, and/or 

the groove of Ranvier, which is the perichondrium that surrounds the GP (10). 

The GP exhibits functional, structural and zonal changes at different ages, decreased 

activity over time and eventually fuses in the human growth plate. The process of the 

cessation of growth and fusion of the GP is called senescence or arrest. Senescence is the 

decline of gene expression, the decrease in chondrocyte proliferation rate, as well as the 

reduction in the height of the GP. The mechanism of GP senescence is still unknown but 

there are several competing hypotheses (11, 12). The first hypothesis is that senescence is 

a function of time, that growth will stop based on the age of the GP. The second, more 

accepted view is that senescence is a function of growth itself. It is based on the idea that 

chondrocytes have a limited proliferation capacity and once those limits have been 

reached then chondrocytes will stop proliferating leading to a decline in the growth rate 

and to eventual GP closure (12, 13). 

Significance and Relevance 

 GP disturbances can happen because of musculoskeletal genetic disorders, kidney 

failure, radiation treatments, and sensory deficit or muscular neurological disorders (14, 

15). Growth plate injuries account for 15-30% of skeletal injuries in children with an 

average age of 11-14 years old (16, 17). GP injuries occur most often due to trauma from 

sports activities, accidents or overuse. Gymnasts are prone to growth plate injuries due to 

the repeated force from countless hours of practice.  The GP is much weaker than the 

surrounding ossified bone making it prone to injury before complete closure. The result 
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of GP injury could be growth arrest, deformity, and limb length discrepancies with 

surgery being the only treatment option. Surgery and the injury itself to the growth plate 

could affect future growth of the bone.  It is imperative to have a firm understanding of 

GP maturation and senescence in order to lay groundwork for other skeletal research as 

well as finding better treatment options and to avoid GP disturbances (14, 15, 18).   

Studying human GP disorders and disturbances is difficult without the help of animal 

models. One of the animal models of choice for research on skeletal growth in the fields 

of orthopedics and endocrinology is the mouse. Humans and mice share a remarkable 

similarity of bone biology mechanisms that make them an invaluable tool in orthopedic 

research. Knowledge of the mouse genome and their easily manipulated genome allows 

them to mimic human diseases. Mice have short reproductive cycles, a relatively short 

life span, have inexpensive husbandry costs and ease of handling make them ideal 

candidates for research that focuses on post-natal growth through maturation (19-21). 

Researchers use transgenic mice to study orthopedic conditions such as degenerative joint 

diseases, fractures, and osteoporosis (19-21) and genetic skeletal defects such as 

dwarfism and osteogenesis imperfecta (22, 23). Therefore, we have decided to use the 

mouse model for this study for these very reasons.  There has not been extensive analysis 

and studies on growth plate changes from early post-natal to maturity in mice. The 

mechanisms involved in growth plate changes and senescence are not well defined and 

characterized. A comprehensive analysis of GP changes at many time points from early 

post-natal to skeletal maturity could support skeletal research. Defining morphological 

and functional parameters that represent alterations of GP during skeletal growth and 

maturation is important to understand skeletal growth and development as well as to learn 
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new methods and treatments to improve longitudinal bone growth in children who suffer 

from disease or genetic disorders (24). The outcome of this project will provide important 

and helpful information to skeletal research society, especially the researchers who use 

mouse models.  

Central hypothesis 

The histomorphometric and functional analysis of the GP will provide good parameters to 

evaluate growth, activity and senescence during skeletal growth. 

Purpose 

The purpose of this study is to determine age specific changes covering early postnatal 

stage to skeletally mature stages. The results will clarify the pattern of growth and cell 

kinetics in the GP as well as elucidate the relationship between changes in the GP and 

bone growth.  

Specific Aims 

Aim 1. Determination of structural and size changes in growth plate from postnatal 

to young adult ages.  

Rationale: The GP experiences changes with overall height and width, zone proportion 

changes, cell density and cell size during development, maturation and senescence in 

mice. There is limited information available on alterations of these parameters at a series 

of growth stages. Hypothesis: The histomorphometry study on the GP at specific stages 

provides a useful guideline to evaluate the GP activity correlated with bone growth. 

Method: We used the Hematoxylin & Eosin stained GP sections prepared from early 

postnatal, adolescence and young adult mice and measured the following parameters: (1) 

height, width and area of the growth plate; (2) area and height of each zone; and (3) cell 
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size in specified area of the hypertrophic zone. 

Aim 2. Determination of functional changes in growth plate from postnatal to young 

adult stages. 

Rationale: During development, maturation and senescence of the GP, GP chondrocyte 

changes the activity of proliferation, matrix synthesis, gene expression level and cell 

turnover. There is limited information available on alterations of these parameters at a 

series of stages. Combination of the histomorphometry results with the results of analysis 

of the functional changes will represent the relationship between structural changes and 

functional changes in growth plate during skeletal growth. Hypothesis: The GP have 

distinct function from postnatal to young adult stages correlating with the structural 

changes. Method: We performed immunohistochemical and cytochemical analyses for 

parallel GP sections used in Aim 1, and examined proliferation activity, expression of 

postmitotic markers and collagen 10, a hypertrophic chondrocyte marker and apoptosis.  
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Chapter Two 

Methodology 

Aim 1 

We will use the proximal tibia’s GP of female C57Bl/6J mice at seven different stages, 

P6, P9, P13, P21, P28, P42, and P70 to analyze structural changes in GP from postnatal 

to young adult ages. P6, P9, P13, P21, P28, P42, and P70 correspond to neonatal (P3 and 

P9), infant to toddler (P13 and P21), young adolescent (P28 and P42) and young adult 

(P70).  The GP in the proximal tibia was used because it represents a horizontally straight 

and simple shape compared to the GP of other bones, and the proximal tibia is used 

frequently for histological studies of the GP. The methods involve qualitative and 

quantitative assessments. We stained the sections with Hematoxylin and Eosin (H&E) 

solutions that is one of the most commonly used histological staining techniques and 

appropriate to detect cell shape and size. We used these stained sections as the samples 

for the structural measurements. 

The entire GP, zone, height, width and cell size in hypertrophic zone were outlined by 

pre-determined definition, which details were described in Materials and Methods. The 

image analysis was performed using the programs, XY measure and Hybrid cell count in 

the BZX700 system (Keyence). The sample size is 3-4 per each age. The difference of 

each parameter among different age samples was statistically analyzed. Correlation of 

increase or decrease of values over age among each parameter was also examined.  

Aim 2 

GP chondrocytes experience a series of functional changes in the process of 

endochondral ossification and disappear or remain as osteoprogenitors. Their activity is 
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initially high to support rapid growth of skeletons, gradually reduces and eventually lost.  

We examined the activities in GP chondrocytes at different stages and related with the 

structural changes examined in Aim 1.  The activities examined include proliferation 

activity, expression of postmitotic markers, hypertrophic markers and cell apoptosis.  

Proliferation of the chondrocytes is essential for providing new chondrocytes to GP and 

supporting the overall growth of the bone. The proliferation pattern of these cells is very 

important into gaining insight into the maturation of the GP (25). We evaluated 

proliferation activity by detection of 5-ethynyl-2-deoxyuridine (EdU) that had been 

injected into mice in prior to harvesting the tibiae. EdU is incorporated into replicating 

DNA allowing us to visualize which cells are actively replication (26). Once the staining 

was complete, nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI), a blue 

fluorescent DNA stain to measure number of total cells.  The ratio of EdU positive cells 

to number of DAPI positive cells was calculated.  

Chondrocytes cease proliferation and enter postmitotic phase increasing production of 

cartilage matrix synthesis. To examine the area of the postmitotic cells, we performed 

immunostaining for p27Kip1 and p21Cip1. They are cyclin-dependent kinase inhibitors that 

prevent cells from progressing in the cell cycle. High expression of p27 Kip1 and p21Cip1 

causes a cell to arrest while cells with low expression will continue to proliferate. p27 and 

p21 expression is necessary to end cell proliferation leading to a post mitotic state. We 

expected that profiling of expression of these proteins represented senescent 

chondrocytes in the growth plate and gave us a better understanding of cell proliferation 

and senescence (27).  

The hypertrophic zone is the zone where the ECM is remodeled, calcified, and invaded 
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by osteoblasts, vessels other cellular components, leading to bone formation. Type X 

collagen is a highly specific marker localized to the hypertrophic zone. This staining 

helps to confirm the borders defined from the histomorphometric parameters established 

from the H&E staining. We did immunostaining to evaluate Type 10 Collagen expression 

(5). 

There are multiple hypotheses about the fate of GP chondrocytes. Studies have 

demonstrated that chondrocytes are eliminated through programmed cell death, by either 

apoptosis or autophagy. Another idea is that chondrocytes transdifferentiate into 

osteoblasts (28). We examined location of apoptotic cells in growth plate at different 

stages by the terminal deoxynucleotidyl transferase-dUTP (TUNEL) assay. TUNEL is 

the most commonly used assay to study apoptosis. The assay utilizes a method that adds 

labeled dUTPs to the 3′-hydroxyl termini ends of DNA. Several studies have raised 

questions about whether the TUNEL assay is the most reliable method to detect apoptosis 

(29).  

 

Materials and methods 

Aim 1 

Materials 

The proximal tibiae were harvested from female C57Bl/6J mice at seven different stages, 

P6, P9, P13, P21, P28, P42, and P70, fixed with 4% paraformaldehyde for 24 hrs at 4C 

and decalcified with 10% EDTA at pH 7.2. The mice received a peritoneal injection of 5-

ethynyl-2-deoxyuridine (EdU) (200mg/kg, Invitrogen Thermo Fisher Scientific (Eugene, 

OR) 2 hrs before being euthanized. The serial sections of the proximal tibiae at the center 

of medial plateau were made. These sections were provided by Dr. Usami (Osaka 
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University). We analyzed the growth plate in the proximal tibia because it represents a 

horizontally straight and simple shape compared to the growth plate of other bones, and 

the proximal tibia is used frequently for histological studies of the GP.  

H&E staining reagents, Harris Modified Hematoxylin and Eosin Y were purchased from 

Fisher Chemical (Fair Lawn, NJ). The Click-it EdU Imaging Kits Alexa Fluor 488 and 

TUNEL kit were purchased from Invitrogen Thermo Fisher Scientific. DAPI was from 

Applied Bioprobes. The rabbit antibodies against p27Kip1 (ab32034), p21Cip1 (ab188224) 

collagen X (ab58632) were from abcam. The antibody against rabbit IgG1 conjugated 

with alexa fluor 488 (A11008) was from Invitrogen Molecular Probe.   

Measurement of length of tibiae 

Tibiae were analyzed by soft x-ray imaging using Bioptics piXarray100 (Kenmore, WA) 

in automatic exposure control mode. Lengths of calcified diaphysis of the tibiae were 

determined from x-ray images using Image J software.  

Hematoxylin and eosin (H&E) staining 

Paraffin mouse sections were baked for 1 hour at 60° Celsius. They were then 

deparaffinized in xylene for 10 minutes twice, 100% ethanol twice, 90%, 80% and 70% 

ethanol for 5 minutes. Sections were run under deionized (DI) water for 5 minutes, 

stained with hematoxylin for 3 minutes, and ran under DI water for 1 minute. The 

sections were washed with differentiation solution for 3 seconds and rinsed with warm 

water for 1 minute. The sections were placed in eosin solution for 40 seconds. After eosin 

staining, the sections were run under DI water for 1 minute. The sections were 

dehydrated in 70%, 80% and 90% ethanol for 30 seconds, 100% ethanol twice for 5 

minutes and then xylene for 5 minutes twice. They were then mounted and left to dry.  
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Histomorphometric analysis  

The images of the H&E-stained sections (n=3-4 per age) were captured and analyzed 

using BZX-700 (Keyence, Itasca, IL). The outline of the GP was defined as illustrated in 

Figure 1. The top border is the border between the secondary ossification center and the 

GP (Fig. 1A, yellow line). For P6 sections and a part of P13 sections, the top border is 

defined below the cells which diameter was less than 15 µm (Fig. 1B, yellow line).  The 

bottom border is defined by the border between hypertrophic cells and the primary 

spongiosa (Fig. 1A, red line). The side border is defined by the perichondrium (Fig 1A, 

blue lines). The border between the GP and the lateral part of the epiphyseal cartilage was 

separated by a 45º angled line from the deepest point (arrow) of the Ranvier's groove 

(Fig. 1A, green line). The resting zone was defined by the region where the cells were not 

aligned (Fig. 1B, yellow line).  After P42 ages, it was difficult to differentiate between 

the proliferation zone and the prehypertrophic zone because of the similarity in cell 

structure. Therefore, these zones were combined and analyzed (Fig. 1B, red).  The 

hypertrophic zone was defined by the region where cells represent the diameter more 

than 15 µm.  The entire GP and zone area were measured by area measurement function 

of the BZ-X Analyzer. The width and height of the interest of the area was measured by 

the XY measurement function of the BZ-Analyzer. The width of the entire GP was 

measured between the edge of the top of hypertrophic zone (Fig. 1A, black horizontal 

line). The height of the entire GP or each zone was measured at the middle point of the 

GP based on the top line of hypertrophic zone as defined above (Fig. 1A, black vertical 

line). The cell border of hypertrophic zone was manually defined, and the cell size was 

measured by the Hybrid Cell Count function of the BZ-X Analyzer.    
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Figure 1. Establishment of borders of growth plate and individual zones. A) Yellow line 

establishes the top border of growth plate. Red line establishes the bottom border separating the 

growth plate from the primary spongiosa. Blue lines separate the growth plate from the 

perichondrium and the green lines separate the growth plate from the rest of the epiphyseal 

cartilage, Vertical and horizontal black lines indicate where the height and width measurements 

were taken respectfully. The white arrows indicate the points of the groove of Ranvier where the 

45 º angle separation line was made. B) Yellow lines indicate separation of the resting zone from 

the proliferation zone. The red line indicates the separation of the prehypertrophic zone from the 

hypertrophic zone. Bars are 100 μm. 
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Cell proliferation activity 

We measured proliferation activity by detection of EdU that had been injected in mice 2 

hrs prior to euthanization using the Click-it EdU Imaging Kits Alexa Fluor 488. 5-

ethynyl-2-deoxyuridine (EdU) is incorporated into replicating DNA allowing us to 

visualize which cells are actively replicating (26).  Sections were baked for 1 hour at 

60°C. They were then deparaffinized in xylene for 10 minutes twice, ethanol 100% twice 

for 5 minutes, ethanol 90%, 80%, 70% and water for 5 minutes. The sections were dried 

for 30 minutes and then incubated with 0.1% Pepsin in 0.02N HCl solution for 10 

minutes at 37°C. They were washed twice at room temperature with Triton X-100 in 1X 

Phosphate Buffered Solution, pH 7.4 (TX-PBS) for three minutes and once in 1X PBS for 

3 minutes. Sections were blocked with 3% Bovine Serum Albumin, pH 7.4 (BSA) for 30 

minutes at room temperature. Sections were incubated with 100-µL Click-It EdU reaction 

cocktail for 30 minutes at room temperature. After incubation, the sections were once 

again washed twice with TX-PBS for 3 minutes and once in 1X PBS for 3 minutes. After 

washing, the slides were incubated with DAPI solution (0.5 ug/ml) for 5 minutes for 

nuclear staining. The sections were washed twice in TX-PBS for 3 minutes, once in 1X 

PBS for 3 minutes and once in water for 3 minutes. They were then mounted with 

fluoroshield mounting medium and left to dry overnight in 4°C.  

The images of EdU and DAPI staining were observed and captured by the BZX700. I 

quantified the number of EdU and DAPI positive cells using the Hybrid Cell Count 

feature of the Keyence analyzer software. The ratio of EdU positive cells to DAPI 

positive cells was calculated.  
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Terminal deoxynucleotidyl transferase-dUTP (TUNEL) assay  

Terminal deoxynucleotidyl transferase-dUTP (TUNEL) assay is the most commonly used 

assay to study apoptosis. The assay utilizes a method that adds labeled dUTPs to the 3′-

hydroxyl termini ends of DNA (29). Sections were baked for one hour at 60°C. They 

were then deparaffinized in xylene twice for 5 minutes, xylene: 95% ethanol 50:50 

mixture for 3 minutes, 100% ethanol once for 5 minutes and then again for 3 minutes. 

The sections were then placed in 95%, 85%, 75% and then 50% ethanol for 3 minutes 

each. The sections were then washed with 1X PBS for 5 minutes. After deparaffinization, 

sections were fixed with pre-warmed 4% paraformaldehyde for 15 minutes at 37°C. 

Sections were washed twice with 1X PBS for 5 minutes then with DI water for 5 minutes. 

The sections were dried for 30 minutes before being incubated with 1X Proteinase K 

solution diluted in 1.2mL 1X PBS for 15 minutes in a humidified chamber at room 

temperature. Sections slides were washed with 1X PBS for 5 minutes. Sections were 

fixed in 4% paraformaldehyde for 5 minutes at 37℃ and then washed with 1X PBS twice 

for 5 minutes each. They were then washed with DI water for 5 minutes. The sections 

were incubated with 100-µL terminal deoxynucleotidyl transferase (TdT) reaction buffer 

for 10 minutes at 37℃. Sections were then incubated with 50 µL TdT reaction mixture at 

37℃ for 1 hour. They were washed with DI water for 5 seconds. Sections were washed 

with 3% BSA and 0.1% Triton X-100 in PBS for 5 minutes and then with 1X PBS for 5 

minutes. Sections were incubated with 50 µL Click-iT Plus TUNEL reaction cocktail for 

30 minutes at 37℃.  They were washed with 3% BSA for 5 minutes and then with 1X 

PBS for 5 minutes. Sections were incubated with 100 µL of DAPI working solution for 5 

minutes and then washed with DI water for 5 minutes. Sections were mounted with gel 
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mount and left to dry in 4℃.  The results of the TUNEL staining were observed and 

captured in the BZX700. 

Immunostaining 

Immunohistochemistry staining  

Sections were baked for 1 hour at 60℃ and then deparaffinized and dried for 30 minutes. 

Sections were incubated with 10mM sodium citrate buffer solution, pH 6.0, for 8 minutes 

at 95℃. They were cooled in a room temperature water bath for 10 minutes and then 

washed with DI water for 5 minutes. Sections were dried for 30 minutes, circled with a 

PAP pen to outline sections and then rinsed with DI water for 5 seconds. The sections 

were blocked with endogenous peroxidase with 3% hydrogen peroxide in methanol for 

10 minutes at room temperature. Sections were rinsed with DI water for 5 seconds and 

then washed with 1X Tris-buffered solution (TBS), pH 7.4 for 5 minutes. The sections 

were blocked with blocking buffer, 5% BSA with 1% goat serum, for 30 minutes at room 

temperature. The sections were then blocked with vector avidin for 15 minutes at room 

temperature and then washed with 1X TBS for 5 minutes. Next, the sections were 

blocked with vector biotin for 15 minutes at room temperature and then washed with 1X 

TBS for 5 minutes. They were then incubated with the primary antibody, anti-p21Cip1 at a 

concentration of 1:150 and anti-p27Kip1 at a concentration of 1:400 in 1mL of blocking 

buffer overnight at 4℃. Second day IHC started with washing the slides with 1X TBS 3 

times for 5 minutes each. The sections were incubated with the secondary antibody; 

biotinylated anti-rabbit igG 1:200 for 1 hour in 1mL of 1% BSA at room temperature. 

After incubation, the sections were washed 3 times with 1X TBS at room temperature. 

Sections were incubated with ABC reagent for 30 minutes at room temperature and the 

washed with 1X TBS 3 times for 5 minutes. For color detection, the sections were 
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developed with ImmPACT DAB working solution for 10 minutes at room temperature. 

The reaction was stopped with 1X TBS for ~ 5 seconds and then washed with DI water 

for 1 minute and then counterstained with 100µL of 0.1% methyl green for 2 minutes at 

room temperature. The slides were washed with DI water for 1 minute and then 

dehydrated and mounted with 50-µL permount.       

Immunofluorescence staining  

The same protocol as for immunohistochemistry described above was performed until 

incubation with the primary antibody. Type X Collagen (abcam, ab58632) antibody was 

incubated at a concentration of 1:1000 overnight in 4°C.  After washing 3 times with 1X 

TBS for 5 minutes, the sections were incubated with the secondary antibody, anti-rabbit 

alexa fluor 488 (1:200) in 1% BSA for 1 hour at room temperature and then washed with 

1X TBS 3 times for 5 minutes. The sections were incubated with DAPI solution for 5 

minutes at room temperature and then washed with DI water for 5 minutes. Sections were 

mounted with FLUROSHIELD and left to dry overnight in 4°C. 

Statistical analysis 

The average and SD were calculated from 3-4 independent values each age. Results were 

analyzed by ordinary one-way ANOVA and Tukey’s multiple comparison test using 

Prism 6 (GraphPad Software, La Jolla, CA). The threshold for significance for all tests 

was set as p < 0.05. Linear regression of histomorphometric results with the tibia growth 

rate was analyzed using Prism 6. 
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Chapter Three 

Results 

Aim 1. Determination of structural and size changes in growth plate from postnatal 

to young adult ages.  

 

Histology of Growth Plate  

The longitudinal sections of the GP at P6, P9, P13, P21, P42 and P70 were stained with 

H&E (Figure 2).  

 

Figure 2. Histology of Growth Plate.  The sections from ages P9, P13, P28, P42 and P70 were 

stained with &E. The images are representative of samples for each age.  

Area 

I measured GP area from four individual mice for P6, P9, P13, and P70 while measuring 

the area from three individual mice for P21, P28 and P42. I then averaged the 

measurements for each age group and then graphed the results (Figure 3A). The total area 

of the GP increased until P21 and then decreased through P70. The resting zone also 

followed the similar trend of increasing in zonal area until P21 before decreasing through 

P70. The combination of proliferation and prehypertrophic zone area increased from P6 

until P13 and then decreased through P70. Hypertrophic zone area declined at P9 before 

it increased at P13 and then decreased once again steadily from P13 through P70.   
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Figure 3. Area, Height and Width of Growth Plate and Hypertrophic Cell Size. A) Area of entire 

growth plate, B) Height of entire growth plate, C) Width of entire growth plate and D) 

Hypertrophic cell size. Values are average and SD of each age group: P6-P13, P70 (n=4) and 

P21-P42 (n=3). GP area and cell size were measured using area measure function.  Height and 

width were measured using XY measure function of the BZ-X Analyzer. Statistical significance 

(p<0.05) was found , in area values (A), P6 vs. P13, P21, P42 and P70, P9 vs. P13, P21, P42 and 

P70, P13 vs. P28 and P42, P21vs. P28-P70, P28 vs P42 and P70, P42 vs P70; in height values 

(B), P6 vs. P21-P70, P9 vs. P21-P70, P13 vs. P21-P70 and P21 vs. P28-P70; in width values. P6 

vs. P13-P70, P9 vs. P13-P70, P13 vs. P21-P70, P21 vs. P28-P70; and in hypertrophic cell size 

values, P6 vs. P9-P70, P9 vs. P28-P70, P13 vs. P42-P70, P21 vs. P42-P70, P28 vs P70 and P42 vs 

P70.  

Height  

I next measured the height of the GP and the height of the individual zones. I measured 

the height at the center portion of the GP (Figure 3B). Overall GP height decreased from 

P6 until P70. There was no significant decrease in height from P6 to P13 while the 

decrease from P13 through P70 was significant. Resting and hypertrophic zones 

increased in height before gradually it decreased through P70 (Figure 4). The combined 
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proliferation and prehypertrophic zones height showed a similar trend to the overall GP 

height having decreased from P6 through P70 (Figure 4). 

 

Figure 4. Zonal Height Measurements. Values are average and SD of zonal height of the resting 

zone (white columns), combined proliferation and prehypertrophic zone (black columns) and 

hypertrophic zone (Gray columns). P6-P13, P70 are n=4, and P21-P42 are n=3. Statistical 

significance (p<0.05) was determined, in resting zone height values, P6 vs P9, P21-P70, P9 vs. 

P13-P70, and P21 vs P42 and P70; in proliferation and prehypertrophic zone values, P6 vs P21-

P70, P9 vs. P21-P70, P13 vs P28-P70 and P21 vs P70; and hypertrophic zone values, P6 vs P9, 

P13 and P28-P70, P9 vs P13, P28-P70, P13 vs. P21-P70, P21 vs P28-P70 and P28 vs P70.  

Width  

I measured width across the GP averaging according to the same sample size as for area 

(Figure 3C). There was not significant change in width from P6 to P9. The GP expanded 

appositionally from P9 until P28 where growth stops and there were no significant width 

increases.  

Hypertrophic Cell Size  

Hypertrophic chondrocytes were measured (Figure 3D). We observed that the area of 

hypertrophic chondrocytes decreased steadily with age. 

Length and Growth Rate of Tibiae 
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The length of calcified diaphysis of tibiae was measured (Figure 5A). The growth rate 

was evaluated at different ages by calculation how long the calcified bone was elongated 

per day for the last one week (Figure 5B).   

 

 

Figure 5. Tibia length and growth rate. Measurement of the length (mm) of the calcified diaphysis 

(A) and the rate of growth (mm/day) per day of calcified long bone (B).  

Comparison of Histomorphometric Parameters with Tibia Growth Rate  

GP width showed a strong negative relationship with the tibia growth rate (Figure 6A, 

dotted line). GP width was its smallest at P6 and this was the time point that the growth 

rate was at its fastest. As the width increased with age, the growth rate slowed. Tibia 
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growth rate and height had a strong positive relationship (Figure 6A, solid line). When 

GP height was its largest at P6 the growth rate was at its fastest. As GP height decreased, 

tibia growth rate slowed. Growth rate and hypertrophic cell size had a positive 

relationship. The larger the chondrocytes at P6 then the faster the growth rate. As the cell 

size decreased the growth rate per day slowed. The areas of the GP and each zone did not 

show strong correlation with the tibia growth rate (Figure 6C). 

 

Figure 6. Linear Regression between Tibia Growth Rate and Growth Plate Height, Width or 

Hypertrophic Cell Size. A) Linear regression was analyzed between average of height (solid 

circles) or width (open squares) at P6, P13, P21, P28, P42 and P70 and the average of the tibia 

growth rate at the corresponding ages. B. Linear regression was analyzed between the average of 

hypertrophic cell size at P6, P13, P21, P28, P42 and P70 (n=3 or 4) and the average of the 

corresponding tibia growth rate. 

 

Aim 2. Determination of functional changes in growth plate from postnatal to young 

adult stages.  

  

Chondrocyte Proliferation 

Chondrocyte proliferation was examined by detection of Edu that had been injected into 

mice. As shown in Figure 7, EdU-positive cells were found in the zone where we defined 

as a proliferating zone by histological feature (Figure 1). The staining was intense in the 

GP from P6 to P13 but became weak at later stages (Figures 7A-7F). The results of 
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quantitative analysis clearly revealed that proliferation activity in the growth plate was 

high from P6 to P13, significantly dropped at P28 and further reduced at P70 (Figure 8).  

 

Figure 7. Results of EdU Staining. Overlay of phase contrast, DAPI and EdU staining. A) P6, B) 

P13, C) P21, D) P28, E) P42 and F) P70. Images are representative of samples at each age (n=3).  

 

Figure 8. Quantitative Analysis of EdU Incorporation. Positive Cells Measurements. Average of 

measured ratio of number of EdU positive cells (n=3) to the number of DAPI positive cells was 

calculated. Values represent average and SD of each group. Measurements were done in the 

center portion of the proliferation zone and extracted with the hybrid cell count function of the 

BZ-X analyzer. p<0.05 for P6 vs. P28, P42 and P70. P9 vs. P28, P42 and P70, P13 vs P28, P42 

and P70 and P21 vs P42 and P70.  

 

Comparison of EdU Incorporation rate with Tibia Growth Rate 

We analyzed the relationship between tibia growth rate and proliferation activity. We 

found that EdU incorporation rate and tibia growth rate had a strong positive relationship 
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(Figure. 9). When EdU was high, the growth rate was also high, as the EdU incorporation 

decreased the tibia growth rate also slowed.  

 

Figure 9. Linear Regression between Growth Rate and EdU Incorporation Rate. Linear regression 

was analyzed between the average of EdU incorporation rate of the samples (n=3) at ages P6, 

P13, P21, P28, P42 and P70 and the average of the corresponding tibia growth rate.  

 

Hypertrophic Cells in Growth Plate 

Type 10 collagen expression was examined by immunofluorescence staining.  The results 

showed that expression was confined to the hypertrophic zone (Figure 10) where we 

defined by histology (Figure 1). At P21 and later stages, Type 10 collagen expression was 

detected in primary spongiosa as well as the hypertrophic zone (Figure 10, arrows).   
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Figure 10. Type 10 Collagen Immunofluorescence Staining. Results of Type 10 collagen staining. 

A) P13, B) p21, C) P42, and D) P70. Overlay images of phase contrast, DAPI and Type 10 

collagen staining. The white arrows show the positive staining with the hypertrophic zone and 

primary spongiosa. Representative of n=2 per age group.  

 

Postmitotic Cells in Growth Plate 

We did immunohistochemical staining for p21Cip1 and p27Kip1 to find which cells arrested 

in the cell cycle.  Staining of both p21Cip1 and p27Kip1 showed a similar pattern. At P6 and 

P13, both p21Cip1 and p27Kip1 were found in the prehypertrophic and some in hypertrophic 

regions (Figures 11A and 11B, 12A and 12B). The staining decreased and became 

confined within the hypertrophic zone at P21 and P42 (Figures 11C, 11D, 12C and 12D), 

and undetectable at P70 (Figures 11E and 12E).  
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Figure 11. Anti-p21Cip1 Immunohistrochemistry Staining. Image results of immunostaining at 10x 

magnification for A). P6 B). P13 C). P21 D). P42 and 20x magnification for E). P70. 

Representative of n=2 per age group. The bar in B is 100μm for A-D, and the bar in E is 100 μm.  

 

 

Figure 12. Anti-p27/Kip1 Immunohistochemistry Staining. Image results of immunostaining at 

10x magnification for A). P6 B). P13 C). P21 D). P42 and 20x magnification for E). P70. 

Representative of n=2 per age group. The bar in B is 100μm for A-D, and the bar in E is 100 μm. 
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Apoptotic Cells in Growth Plate 

TUNEL staining was done to test whether chondrocytes underwent apoptosis as a 

terminal fate. We found that TUNEL-positive cells were prevalent within the 

proliferation zone as well as the primary and secondary ossification center (Figure. 13) I 

also found that there were positive cells in the primary spongiosa bordering the 

hypertrophic zone but there were few positive cells in the hypertrophic zone. 

 

Figure 13. TUNEL Staining. The sections of P6, P21 and P42 were subjected to TUNEL staining 

followed by DAPI staining. The images are TUNEL, DAPI and superimposed images of TUNEL 
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and phase contrast. Arrows indicate TUNEL-positive cells in the border of growth plate and 

primary spongiosa. 
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Chapter Four 

Discussion and Conclusion 

Our histomorphometric analysis of the mouse GP showed distinct changes in area, height, 

width and hypertrophic cell size from early postnatal age from postnatal, P6 through 

young adult stage, P70. The GP area increased until toddler stage at P21 before 

decreasing through P70. Total height of the mouse GP showed a declined from P6 

through P70 while width showed an increase from P6 until P28. After P28, there were no 

significant increases in width and the growth plateaued. Hypertrophic cell size showed a 

downward trend with cell size decreasing with age. All these parameters were evaluated 

against tibia growth rate. It is necessary to understand what affects the growth of the tibia 

so that it is possible to better evaluate potential treatment options and the influences 

disease and trauma has on bone growth. What we found was height and width have the 

strongest positive relationship with tibia growth and width has the strongest negative 

relationship. Area has a positive relationship with tibia growth, but it is not as strong of a 

relationship and can be characterized as a weak relationship. Together this data shows 

that height and width are the best parameters to predict tibia growth.  

The GP is made up of multiple zones. The structural makeup of these zones is important 

to the overall function of the GP. We based our zonal borders on the initial HE staining. 

Our definition of the proliferation and hypertrophic zone borders were validated by 

analysis of EdU incorporation in proliferating cells and immunostaining of Type 10 

collagen, a highly reliable marker of hypertrophic chondrocytes, respectively. Separating 

the prehypertrophic zone from the hypertrophic zone could be difficult because of similar 

cellular structure and/or narrowing the zone.  
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Proliferation activity monitored by EdU incorporation overtly mirrored the growth rate of 

the tibia but was not a perfect linear relationship. EdU incorporation rate can still be a 

useful parameter to use to help predict tibia growth. The results also verified that the 

proliferation is very important to control the overall growth of the tibia. The resting zone 

is thought to be a source of chondroprogenitors. The height of this zone was significantly 

reduced from P28, suggesting that the resting zone is reducing the ability to supply new 

chondrocytes to GP. Studies have been reported to examine chondroprogenitors using the 

linage tracing (30) and long-term cell labeling (31, 32).  It is very interesting and 

important to examine presence and localization of chondroprogenitors in the resting zone 

at the same stages we examined in this study.  

In addition to understanding how chondrocytes are supplied to the GP it is also necessary 

to understand how they leave the GP. Our evaluation of TUNEL and p21/p27 revealed 

that the answer to chondrocyte fate is still inconclusive. Studies have found that 

Senescence-Associated Beta-galactosidase is a widely used marker for senescence (34). 

The detection of this enzyme activity may help us to analyze localization of senescence 

chondrocytes.  However, previous studies have found positive cells only in the primary 

spongiosa (38),  which is consistent with our results of TUNEL staining. There are 

multiple ideas of how this is accomplished. Chondrocytes could die by apoptosis or 

autophagy or they could transdifferentiate into osteoblast. It is also quite possible that 

they do a combination of all three. Our data reveals that very few apoptotic cells were 

found within the hypertrophic zone and some were found within the border of the 

primary spongiosa and hypertrophic zone. These cells were only few in number and not 

enough to explain what happens to chondrocytes once they leave the growth plate. They 
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may undergo apoptosis after entering the primary spongiosa. The eventual destination 

and fate of chondrocytes remains a vital part of understanding long bone growth and 

arrest.  

Trauma and diseases can disrupt the growth plate and lead to early closure (33). It is 

unclear how alterations of growth plate structure and chondrocyte function result in or 

cause bone stunt or deformity. Comparison of physiological changes in growth plate with 

pathological changes in the experimental growth plate injury models may uncover key 

factors that induce inhibition or imbalance of bone growth. Understanding the path of 

chondrocytes can help to prevent early closure or provide better treatment options. More 

experiments are needed to fully elucidate the mechanism. Additional experiments such as 

the lineage tracing of specific cell lineages and comprehensive gene expression analysis 

are important complements of histomorphometry assessments.  

 This study has limitations. First, we only used the tibiae of female wild type mice. 

Studies should be extended to analyze other long bones in both females and males. For 

humans, skeletal maturation occurs at different rates for boys and girls. The process in 

boys takes longer than it does for girls meaning that girl’s skeletons mature much sooner 

than boys (35). For our bone growth prediction model to be accurately fit both males and 

females we must conduct the same histomorphometric and functional measurements on 

male mice. We must establish a set of parameters for male mice and compare them to our 

female mice data. We focused our measurements on the proximal tibia. The most 

commonly used bones to assess bone growth are the bones of the hand and wrist through 

radiographs (36). We know that different bones mature at different rates, with smaller 

bones maturing much faster than longer bones (37). Perhaps extending our study to other 
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bones such as those of the hand and wrist or even the distal tibia could add value by 

doing morphological and functional measurements on those growth plates.  

 Second, although we find several good parameters that show strong linear regression 

with bone growth rate, we do not know these parameters can be used under pathological 

conditions.  It is very important whether there is a similar relation when bone growth is 

inhibited or deformed. We may find weaker correlation between some parameters with 

growth rate or may find unique non-linear regression in skeletal disorder mouse models. 

Third, the questions are still open whether the mouse results can be applied to human 

growth plate. Eventually this data will have to be transferrable to humans. Physicians use 

radiographs to determine bone growth and age. There is a need to establish formulas that 

will be able to use histomorphometric and radiographic parameters as a predictor of tibia 

growth. To be able to accomplish this we will need to collect human data to compare to 

our mouse data and evaluate the accuracy of our model.  

The overall goal of studying GP maturation and arrest in mice is to aid in treating human 

diseases and GP trauma. Establishing bone growth parameters can be very advantageous 

in the treatment and diagnosis of pediatric endocrine and growth diseases. Bones that are 

growing too slowly or too rapidly can indicate disease and defects in skeletal maturation 

(35). The results of our study could hopefully aid physicians in treating such disorders as 

well as helping pediatric orthopedic surgeons plan surgical options.  
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