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Abstract

Despite advances in surgical techniques over the past three decades, tendon repairs remain prone

to poor clinical outcomes. Previous attempts to improve tendon healing have focused on the later

stages of healing (i.e., proliferation and matrix synthesis). The early inflammatory phase of tendon

healing, however, is not fully understood and its modulation during healing has not yet been

studied. Therefore, the purpose of this work was to characterize the early inflammatory phase of

flexor tendon healing with the goal of identifying inflammation-related targets for future

treatments. Canine flexor tendons were transected and repaired using techniques identical to those

used clinically. The inflammatory response was monitored for 9 days. Temporal changes in

immune cell populations and gene expression of inflammation-, matrix degradation-, and

extracellular matrix-related factors were examined. Gene expression patterns paralleled changes in

repair-site cell populations. Of the observed changes, the most dramatic effect was a greater than

4000-fold up-regulation in the expression of the pro-inflammatory factor IL-1β. While an

inflammatory response is likely necessary for healing to occur, high levels of pro-inflammatory

cytokines may result in collateral tissue damage and impaired tendon healing. These findings

suggest that future tendon treatment approaches consider modulation of the inflammatory phase of

healing.
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INTRODUCTION

Over the past few decades, flexor tendon repair research has focused on improving

rehabilitation protocols and surgical techniques which has led to decreased adhesion

formation and repair-site elongation. Despite these advances, clinical outcomes continue to
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be variable and result in 1.5 million days lost from work per year1-6. As research advances

resulting from altering operative or rehabilitation techniques have plateaued, our laboratory

has shifted to focusing on biologic manipulation of tendon healing with the goals of further

improving tendon strength, decreasing gap formation, and preventing adhesion formation.

After surgical repair, tendon healing progresses through three overlapping phases:

inflammation (days 1-7), proliferation (days 3-14), and remodeling (day 10 onward). Prior

attempts to improve tendon repair have focused on the later stages of healing by enhancing

tendon fibroblast proliferation or promoting extracellular matrix synthesis7-9. Growth factors

have successfully been used to stimulate biologic activity during flexor tendon healing7-9.

Despite increased proliferation and matrix remodeling, however, healing tendons failed to

accrue strength during the first 3 weeks following suture. Therefore, the repair-site remains

at risk for gap formation or rupture following current treatment approaches.

In contrast to vascular and highly cellular tissues such as skin, where healing has been

described in detail, tendons are relatively avascular10-12 and paucicellular15. Given that a

typical wound healing response is initiated by an infiltration of inflammatory cells from the

nearby vasculature, tendons may have a diminished healing response compared to skin.

Articular cartilage, for example, which is avascular, has a very limited wound healing

response13,14. Furthermore, due to the relative paucity of cells in the intrasynovial flexor

tendon, early tendon healing relies on the migration of tendon surface cells and/or extrinsic

cells from the synovial sheath to the repair site. This process may delay the overall healing

process in comparison to highly cellular skin healing models.

Based on these results, the focus of the current study is to examine the early inflammatory

stage of healing, including enhancement of cell survival, migration, and proliferation

immediately following tendon suture, in order to provide a basis for future treatments. A

clinically relevant large animal model of flexor tendon injury and repair was used to

investigate temporal changes in immune cell populations, and gene expression of

inflammation-, matrix remodeling-, extracellular matrix-(ECM), and differentiation-related

factors during the early post-repair period.

MATERIALS AND METHODS

Flexor tendon animal model

All procedures were approved by the Washington University Animal Studies Committee.

Flexor tendon injury and repair was performed in the clinically relevant canine animal

model (n=11, female non-castrated)16. The sheaths of the second and fifth digits of the right

forelimb in the region between the annular pulleys proximal and distal to the proximal

interphalangeal joint were exposed through midlateral incisions. The sheaths were entered

and the flexor digitorum profundus tendons were transected sharply. The tendons were

repaired using surgical techniques identical to those used in humans (4-0 Supramid core

suture, 6-0 Proline running epitenon suture). Both the second and fifth digits of the right

forelimb were repaired. After surgery, the operative limb was immobilized using a fiberglass

shoulder spica cast with the elbow flexed to 90° and the wrist flexed to 70° and a controlled

passive motion rehabilitation protocol, similar to that used clinically, was applied. The
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protocol consists of two five-minute rehabilitation sessions performed five days a week

starting on the first postoperative day17. The dogs were euthanized on days 1, 3 or 9 post-

operatively, and the operated tendons were removed by dissection and prepped for either

gene expression analysis (N=3 per timepoint) or histologic analysis (N=3-5 per timepoint).

Tendons from the contralateral paw were also dissected to serve as normal/uninjured

controls.

Histology

Upon dissection, tendons allocated for histology were fixed in 4% paraformaldehyde

overnight, embedded in paraffin, and cut into 5 μm sections. To examine the immune

response, sections were stained with hematoxylin and eosin (H&E) and assessed for various

immune cells (i.e., PMNs, monocytes, macrophages) by an independent certified pathologist

(NH), blinded to group. Fibroblasts were characterized as spindle-shaped cells with an

elliptic nucleus and thin cytoplasm. PMNs were identified as cells containing nuclei with

two to four lobules and a granulated cytoplasm, while cells with a single-lobed or kidney-

shaped nucleus were classified as monocytes/macrophages. A standard scoring system was

used to determine the levels of each outcome (see below). Overall cellularity, the prevalence

of certain cell types, vascularity, and the percentage of fibroblasts compared to overall

cellularity were assessed. All assessments were done using a 20x objective and 12-21 fields

of view were averaged. Sections were also viewed under polarized light for the assessment

of collagen alignment. Proliferating cell nuclear antigen (PCNA) staining (Invitrogen, NY)

was performed according to the manufacturers’ protocols to access cell proliferation.

A standard scoring system was used to determine the levels of each outcome (-no

prevalence, + mild prevalence, ++ moderate prevalence, +++ marked prevalence). For

overall cellularity and the prevalence of certain cell types, the number of cells per high

powered field (HPF, 20x) was counted and assigned a score as follows: + <50 per HPF, ++

51-100 per HPF, +++ 101-150 per HPF, ++++ >150 per HPF. Vascularity was measured on

the following scale: + <5 per HPF, ++ 6-10 per HPF, +++ > 10 per HPF. The percentage of

fibroblasts compared to overall cellularity was also assessed and scored as follows: + = less

than 5%, ++ = 5-50%, +++ > 50%.

Gene expression

Tendons allocated for gene expression were dissected and 10 mm sections (5 mm on each

side of the repair) were isolated and immediately flash frozen in liquid nitrogen. RNA was

extracted from the tendons using the RNeasy mini kit (Qiagen, CA) following the

manufacturer’s protocol. RNA yield was quantified using a NanoDrop spectrophotometer

(Thermo Scientific, DE) and 500 ng of RNA was reverse transcribed to cDNA using the

Superscript VILO cDNA synthesis kit (Invitrogen Corporation, CA) following

manufacturer’s instructions. Quantitative real-time reverse transcription-polymerase chain

reaction (qRT-PCR) was performed using SYBR Green chemistry on a StepOnePlus Real-

Time PCR System (Applied Biosystems, CA). All primers for real-time PCR were

purchased (Qiagen, CA). Gene expression changes were measured for genes related to

inflammation (IL-1β, TNFα, COX2), matrix degradation (MMP1a, 1b, 3, 13), extracellular

matrix (collagen type 1 (COL1), collagen type 3 (COL3), lysyl oxidase (LOX), decorin
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(DCN)), differentiation (scleraxis (SCX), tenomodulin (TNMD), lubricin (LUB)), and

vascular endothelial growth factor (VEGF). Data was analyzed using the delta delta Ct

method. The results were first normalized to a housekeeping gene (glyceraldehyde 3-

phosphate dehydrogenase (GAPDH)) and then again to normal/uninjured group. The delta

Ct values were compared using a 2-way ANOVA (for treatment and time), followed by a

Fisher’s post-hoc test. Significance was set to p < 0.05. Consistent Ct values were observed

for GAPDH across groups (the standard deviation of GAPDH Ct values was less than 1).

RESULTS

Inflammation

Cellularity at the repair site was significantly increased 1 day post-operatively (Table 1).

The dominant cell type contributing to increased cellularity was the PMN (Figures 1-2,

Table 1). The majority of the PMNs were within the fibrin clot in the superficial aspects of

the repair. PMNs were also present in the tendon tissue near the surface of the repair

(Figures 1-2). A corresponding spike in pro-inflammatory genes (TNFα, IL-1β, COX2) was

evident. TNFα was up-regulated 10.6-fold compared to normal, while IL-1β and COX2

genes were up-regulated 4000 and 800-fold (Figure 3).

On day 3, overall cellularity remained higher than that noted in normal, uninjured tendons,

but was decreased compared to day 1. A shift in the immune cell population was noted at

this timepoint, with fewer PMNs evident at the repair site compared to day 1 (Figures 1-2,

Table 1). The most prominent immune cell type at day 3 was from the monocyte/

macrophage lineage (Figures 1-2, Table 1). Expression levels of pro-inflammatory genes

remained significantly elevated at day 3 compared to levels noted in normal/uninjured

control tendon (IL-1β, COX2, and TNFα were up-regulated 2000-, 200-, and 6.78-fold,

respectively, compared to normal/uninjured tendons) (Figure 3).

The number of monocytes/macrophages at the repair site remained stable through day 9

(Figures 1-2, Table 1). IL-1β and COX2 expression continued to decrease, but remained

significantly up-regulated compared to levels in normal/uninjured tendons (900- and 26.3-

fold for IL-1β and COX2, respectively). TNFα levels were similar to those at the earliest

timepoint (8.57-fold greater than normal) (Figure 3). While the expression of inflammatory

factors decreased over time, expression levels remained significantly higher than normal at 9

days post-repair.

Proliferation

PCNA staining showed proliferation of epitenon cells (i.e., tendon surface cells) on day 1

(Figure 2). By day 3, the epitenon was thickened as the tendon surface cells continued to

proliferate. Proliferation of cells deeper in the tendon substance was also observed on day 3

and continued through day 9 (Figure 2). By day 9, fibroblasts infiltrated the repair site,

between the tendon stumps (Figure 1, Table 1). The source of the fibroblasts that invaginate

and occupy the repair appear to be derived from the epitenon.

Expression of tendon-specific and extracellular matrix genes was significantly down-

regulated 1 day post-operatively (27.0-, 14.9-, 35.6-, and 24.5-fold for COL1, COL3, SCX,
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and TNMD, respectively). As the cellular environment shifted from immune cell-dominant

on day 1 to fibroblast-dominant on day 9 (Table 2.1), the expression of all tendon-specific

and tendon extracellular matrix genes, aside from TNMD, returned to baseline (Figure 4).

Remodeling

Matrix degradation, as evidenced by MMP expression and polarized light microscopy, was

seen as early as day 1. MMPs 1, 3, and 13 were up-regulated 2000-, 14.7-, and 100-fold,

respectively, compared to levels in normal/uninjured tendons (Figure 3). Polarized light

microscopy revealed rapid loss of collagen fiber organization (Figure 5). On day 3, MMPs

involved in the degradation of collagen types 1 and 3 (MMP1, MMP13) were further up-

regulated (Figure 3) as collagen fiber alignment was disrupted further (Figure 5). By day 9,

the expression of MMPs 1 and 13 continued to rise, reaching 24,000- and 500-fold increases

compared to normal/uninjured tendon (Figure 3). Collagen fiber alignment remained similar

to that noted on day 3 (Figure 5). Other genes related to later stages of tissue remodeling,

LOX and LUB were significantly down-regulated (4.7- and 4.1-fold) 1 day following injury

and repair and remained down-regulated throughout the 9 day study. VEGF gene expression

was up-regulated (17.9-fold) on day 1. This is consistent with the appearance of newly

formed blood vessels on the surface of the tendon (i.e., at the epitenon a few centimeters

away from the repair) 9 days post-operatively (Figures 1-2, Table 1).

DISCUSSION

The temporal changes in cell population and gene expression of inflammation-, matrix

remodeling-, extracellular matrix-, and differentiation-related factors were examined during

the first 9 post-operative days following intrasynovial flexor tendon injury and repair.

During this period, the expression of pro-inflammatory and matrix remodeling genes was

significantly up-regulated. TNFα, IL-1β, and COX2 levels rose dramatically as early as day

1. Expression of these genes subsequently decreased over time, coincident with changes in

cell populations from immune cells to tendon fibroblasts. In contrast to the marked elevation

of pro-inflammatory genes, extracellular matrix- and differentiation-related genes were

significantly down-regulated on day 1, an interval during which immune cells were

prominent at the repair site. Matrix and differentiation gene expression values increased

toward baseline levels as the number of PMNs decreased and tendon fibroblasts began to

populate the repair site. Simultaneous with these early changes in gene expression, cellular

proliferation, and cellular migration, MMP levels increased beginning at the time of injury.

MMP levels increased further as macrophages cleared the wound of debris and dead tissue

and as fibroblasts proliferated within the repair, initiating the remodeling phase of healing.

The temporal increase in MMP expression coincided well with morphological changes in

collagen fiber alignment. VEGF gene expression, which is related to the onset of

neovascularization, was up-regulated on day 1. This is consistent with the appearance of

newly formed blood vessels 9 days post-operatively. On the other hand, LOX and LUB

remained down-regulated throughout the 9 day study. Given that LOX is important in cross-

linking collagen and LUB is involved in tendon lubrication and gliding function, these

results are not surprising; we anticipate that these genes to play a larger role in the
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remodeling stage of healing (i.e., 10 days after injury or later), which our study did not

examine.

Prior studies of flexor tendon healing have focused for the most part on morphological

changes at the repair site,18,19 and on the cellular source contributing to tendon healing.19-21

While these studies have provided key data supporting advances in surgical techniques and

rehabilitation protocols, the early hemorrhagic and inflammatory processes have not been

explored thoroughly. While Gelberman et al. described fibrinous bridges overlying a mesh

of erythrocytes, macrophages, and other inflammatory-type cells on day 3, earlier timepoints

were not investigated18. The expression of inflammatory and catabolic factors was not

described until the past decade. Using a rabbit model of extrasynovial flexor tendon injury

and repair, Berglund et al. revealed a significant elevation in the expression of pro-

inflammatory factors (IL-1β and COX2) 3 days post-operatively22. IL-1β and COX2 levels

were noted to remain elevated through day 6 and returning to baseline by day 12.

Concurrently, the matrix degradation factor, MMP13, was significantly up-regulated on day

3 and remained elevated through day 2422. These results are generally in agreement with

those of the current study. However, the animal model used in the previous study was

limited with regard to clinical relevance: (1) the small size of rabbit flexor tendons

precluded the use of standard repair methods used on humans, (2) a clinically appropriate

postoperative rehabilitation protocol was not implemented, and (3) an extrasynovial tendon

was used rather than the more commonly injured intrasynovial flexor tendon. In the current

study, using a clinically relevant canine model, histological and gene expression

experiments were performed to examine the cellular populations and gene expression

patterns at in the early phase of flexor tendon healing.

Further experiments are needed to elucidate the cellular sources contributing to the changes

in gene expression. As the gene expression changes were due to a combination of

inflammatory cells and fibroblasts, the specific expression patterns for individual cell types

remain unknown. However, histological assessment of the various cell types partly

addresses this uncertainty. The percentage of fibroblasts (compared to overall cellularity)

was estimated based on a morphological assessment and quantification. Given the striking

rise in cellularity at the repair site and the relatively low number of fibroblasts noted on day

1, we postulate that the up-regulation of pro-inflammatory factors at this early timepoint was

primarily due to the infiltration of immune cells (i.e., PMNs and monocytes/macrophages).

Similarly, the initial down-regulation of tendon-specific and tendon ECM genes is likely due

to a diluted fibroblast population. RNA extracted from normal/uninjured tendons was

mainly from fibroblasts. These cells express SCX, TNMD, COL1, and COL3. In contrast,

RNA extracted from the repaired tendons on day 1 was mainly derived from cells that do not

express those genes. As the cell population shifted from immune cell-dominant to fibroblast-

dominant, the expression of tendon-specific and tendon ECM-related factors returned to

baseline levels. While the histological assessment of fibroblast percentage helped to

interpret the gene expression data, immunohistochemical analyses would further elucidate

the cellular source of the differential gene expression seen over time. Immunohistochemistry

also would assist in verifying the relationship of the gene expression levels and subsequent

changes in protein expression. However, the canine antibodies required to carry out these

studies are not yet commercially available.
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There were a number of limitations to the current study. First, additional timepoints are

needed to more precisely determine temporal changes, as there appeared to be dramatic

changes in cellular and gene expression patterns between days 3 and 9. Second, protein-level

assessment is necessary to validate gene expression changes. However, protein expression

assessment using techniques such as Western immunoblot analysis requires canine-specific

antibodies, which have limited availability. Third, due to the use of digits from the

contralateral (uncasted) paw for normal controls, we are unable to say with certainty that the

effects seen in the injured and repaired digits were solely due to the injury and not due to

post-operative immobilization. This is a minor concern, however, as the cast-immobilized

limbs received twice-daily passive motion rehabilitation, as is done clinically. There is

substantial evidence demonstrating that the optimal scenario for flexor tendon healing is low

(but not zero) loading.23 Cast immobilization without passive motion rehabilitation or

complete unloading of the repair site is detrimental to healing, but high loads can also lead

to gapping or rupture and poor healing.23 Furthermore, the timepoints analyzed in the

current study are relatively short, especially when considering the time frames within which

negative immobilization effects are typically observed.24 The most remarkable effects in the

current study were seen on day 1 and lessened with time, further supporting the conclusion

that they were related to the injury and not to the immobilization.

The results of our study have implications for developing strategies to improve tendon repair

outcomes. Previous in vitro studies have shown that pro-inflammatory factors, such as IL-1β

and TNFα, induce tendon fibroblasts to up-regulate their own expression of inflammatory

and catabolic enzymes25 and to down-regulate their expression of type 1 collagen26. At the

tissue level, these changes may result in reductions in ultimate tensile strength and elastic

modulus and increases in the maximum strain of repaired tendons. Gulotta et al.

demonstrated that inhibition of TNFα during tendon healing improved the overall strength

of tendon repair repair27. Similarly, De la Durantaye et al. found that macrophage depletion

during tendon healing leads to enhanced material properties of the healed tendons.28 Dagher

et al. showed a correlation between a shift in the macrophage population (from pro-

inflammatory M1 macrophages to anti-inflammatory M2 macrophages) improved ligament

healing29. Classical dermal wound healing literature suggests that neutrophils are not

necessary for proper wound healing30 and more recent evidence suggests that neutrophils

may impede skin healing31. Modulation of inflammation in a skin wound healing model

resulted in an enhanced healing response characterized by accelerated wound healing and

organized dermis and collagen bundles.32 Taken together, these studies suggest that high

levels of pro-inflammatory cytokines may be detrimental to tendon healing and modulation

of the early inflammatory phase of healing may be beneficial to tendon healing.

Despite evidence that suppressing inflammation can lead to improved wound healing, some

pro-inflammatory cytokines are likely necessary for recruitment of immune cells to the site

of injury and subsequent attraction of tendon fibroblasts.33,34 Synthesis of numerous potent

growth factors, such as TGF-β and PDGF, by immune cells promotes cell proliferation and

synthesis of extracellular matrix.33,34 Immune cells also play a pivotal role in angiogenesis

through the secretion of VEGF.33,34 Several prior experiments have shown that complete

depletion of certain immune cells and pro-inflammatory factors during wound healing leads
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to retarded wound repair35,36. Specifically, macrophages appear to play an important role in

debridement of the wound37,38. Therefore, based on these studies, global IL-1β blockade or

immune cell depletion is unlikely to be an effective strategy for improving tendon healing.

Fine modulation of the inflammatory environment is likely necessary to enhance tendon

healing. This could potentially be achieved using mesenchymal stem cells, which have

recently been shown to modulate inflammation by controlling macrophages phenotype39,40,

or targeted therapies that protect tendon fibroblasts from the detrimental effects of cytokines

such as IL-1β.
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Figure 1.
Representative histologic sections of normal and repaired tendons 1, 3, and 9 days post-

operatively. The sections were stained with H&E and viewed under bright field for cell

identification. An overview of a representative section from each timepoint is shown to the

left (4x objective, 2 mm scale bar). Colored squares indicate the regions of interest (repair

surface, tendon surface, repair center, tendon substance) on the overview images and

corresponding high magnification images (20x objective, 200 μm scale bar) are shown to the

right with corresponding border colors. Inflammatory cells are seen infiltrating the repair

site via the tendon surface on day 1 (black arrows). The Inflammatory response decreases

over time and fibroblasts invaginate and fill the repair by day 9. New blood vessel formation

on the tendon surface is evident on day 9.
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Figure 2.
Representative histologic sections of repaired tendons 1, 3, and 9 days post-operatively. The

sections were stained with either H&E or PCNA and viewed under bright field for

identification of immune cells (PMN), vascularity, and cell proliferation (PCNA). Changes

in cell proliferation were most evident near the surface of the tendon. PMNs (black arrows)

infiltrated the repair site on day 1, but decreased over time. New blood vessel formation was

evident on the surface of the tendon away from the repair site by day 9. Images for PMNs

and vascularity are the same regions as those presented in Figure 2.1 (see border color for

region of image). 40x objective, 200 μm scale bar, (N=3-5).
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Figure 3.
Fold changes in gene expression of pro-inflammation- and matrix degradation-related

factors relative to normal 1, 3, and 9 days post-operatively. * p < 0.05, † p <0.10, 2-way

ANOVA, significant effect of time (except for TNFα), bars signify Fisher’s post-hoc

comparisons, * by x-axis signifies a significant difference compared to normal tendons,

(N=3).
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Figure 4.
Fold changes in gene expression of tendon ECM and tendon-specific factors relative to

normal 1, 3, and 9 days post-operatively. * p < 0.05, † p <0.10, 2-way ANOVA, significant

effect of time (except for LOX and TNMD), bars signify Fisher’s post-hoc comparisons, *

by x-axis signifies a significant difference compared to normal tendons, (N=3).
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Figure 5.
Representative histologic sections of normal and repaired tendons 1, 3, and 9 days post-

operatively. The sections were stained with H&E and viewed with polarized light to assess

collagen fiber alignment. White regions indicate fiber alignment along the long axis of the

tendon. Dark regions indicate a loss of fiber alignment. Some collagen fiber alignment was

lost as early as 1 day post-operatively. Alignment was further disrupted by day 3 and

remained steady through day 9. 4× objective, 2 mm scale bar, (N=3-5).

Manning et al. Page 15

J Orthop Res. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Manning et al. Page 16

Table 1

Histological analysis of the early inflammatory response 1, 3, and 9 days post-operatively. The prevalence and

type of immune cells at the repair site was assessed over time. A standard scoring system was used to

determine the levels of each outcome. Cellularity/PMN/Mono: + <50 per HPF, ++ 51-100 per HPF, +++

101-150 per HPF, ++++ >150 per HPF. Vascularity: + <5 per HPF, ++ 6-10 per HPF, +++ > 10 per HPF.

Fibroblast percentage: + = less than 5%, ++ = 5-50%, +++ > 50%. PMN = Polymorphonuclear cells, Mono =

monocytes/macrophages, Fibro% = fibroblast percent compared to overall cellularity, HPF = High powered

field (20x), (N=3-5).

Cellularity PMN Mono Fibro % Vascularity

Day 1 ++ ++ − + −/+

Day 3 + + + + −/+

Day 9 + + + ++/+++ ++

J Orthop Res. Author manuscript; available in PMC 2015 May 01.


