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Abstract

Background The failure rate of tendon-bone healing after

repair of rotator cuff tears remains high. A variety of

biologic- and cell-based therapies aimed at improving

rotator cuff healing have been investigated, and stem

cell-based techniques have become increasingly more

common. However, most studies have focused on the

implantation of exogenous cells, which introduces higher

risk and cost. We aimed to improve rotator cuff healing by

inducing endogenous stem cell mobilization with systemic

administration of granulocyte-colony stimulating factor

(G-CSF).

Questions/purposes We asked: (1) Does G-CSF admin-

istration increase local cellularity after acute rotator cuff

repair? (2) Is there histologic evidence that G-CSF im-

proved organization at the healing enthesis? (3) Does G-

CSF administration improve biomechanical properties of

the healing supraspinatus tendon-bone complex? (4) Are

there micro-MRI-based observations indicating G-CSF-

augmented tendon-bone healing?

Methods After creation of full-thickness supraspinatus

tendon defects with immediate repair, 52 rats were ran-

domized to control or G-CSF-treated groups. G-CSF was

administered for 5 days after repair and rats were eutha-

nized at 12 or 19 postoperative days. Shoulders were

subjected to micro-MR imaging, stress relaxation, and

load-to-failure as well as blinded histologic and histomor-

phometric analyses.

Results G-CSF-treated animals had significantly higher

cellularity composite scores at 12 and 19 days compared

with both control (12 days: 7.40 ± 1.14 [confidence in-

terval {CI}, 5.98–8.81] versus 4.50 ± 0.57 [CI, 3.58–5.41],

p = 0.038; 19 days: 8.00 ± 1.00 [CI, 6.75–9.24] versus

5.40 ± 0.89 [CI, 4.28–6.51], p = 0.023) and normal animals

(12 days: p = 0.029; 19 days: p = 0.019). There was no

significant difference between G-CSF-treated animals or

control animals in ultimate stress (MPa) and strain,
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modulus (MPa), or yield stress (MPa) and strain at either

12 days (p = 1.000, p = 0.104, p = 1.000, p = 0.909, and p =

0.483, respectively) or 19 days (p = 0.999, p = 0.964, p =

1.000, p = 0.988, and p = 0.904, respectively). There was

no difference in MRI score between G-CSF and control

animals at either 12 days (2.7 ± 1.8 [CI, 1.08–4.24] versus

2.3 ± 1.8 [CI, 0.49–4.17], p = 0.623) or 19 days (2.5 ± 1.4

[CI, 1.05–3.94] versus 2.3 ± 1.5 [CI, 0.75–3.91], p =

0.737). G-CSF-treated animals exhibited significantly

lower relative bone volume compared with normal animals

in the entire humeral head (24.89 ± 3.80 [CI, 20.17–29.60)

versus 32.50 ± 2.38 [CI, 29.99–35.01], p = 0.009) and at

the supraspinatus insertion (25.67 ± 5.33 [CI, 19.04–32.29]

versus 33.36 ± 1.69 [CI, 31.58–35.14], p = 0.027) at

12 days. Further analysis did not reveal any additional

significant relationships with respect to regional bone

volume or trabecular thickness between groups and time

points (p [ 0.05).

Clinical Relevance Postoperative stem cell mobilization

agents may be an effective way to enhance rotator cuff

repair. Future studies regarding the kinetics of mobiliza-

tion, the homing capacity of mobilized cells to injured

tissues, and the ability of homing cells to participate in

regenerative pathways are necessary.

Introduction

Rotator cuff repair is a clinically successful surgical tech-

nique [6, 14, 31]; however, the widely reported clinical

success does not always correlate with structural healing of

the repair [12, 31, 47]; and, when evaluated critically, the

failure rate of tendon-to-bone healing remains unaccept-

ably high for large and massive tears [10, 42]. Previous

studies have evaluated patient outcomes and shown that

patients with a healed rotator cuff demonstrated improved

strength and ROM [6, 31] and that retears affect the re-

covery of functional outcomes [16, 18, 27].

In an effort to improve tendon-to-bone healing after

rotator cuff repair, numerous biologic- and tissue engi-

neering-based techniques have been used, including use of

anabolic growth factors [23, 25], proteinase inhibitors [3,

4] as well as augmentation with stem and progenitor cell

populations [19, 21, 33]. Mesenchymal stem cells (MSCs)

are natively involved in tissue maturation, healing, and

remodeling [43] and, as a result of their migratory, multi-

potent, and immunomodulatory properties, possess the

potential for regenerating a wide range of pathologic or

degenerative tissues. The ability to differentiate into nu-

merous cell types and potent immunomodulatory

properties make the use of MSCs in rotator cuff healing an

attractive treatment option [30]. However, the isolation,

purification, and reimplantation of autologous MSCs are

both cost- and time-intensive. Furthermore, successful en-

graftment of allogenic MSCs is adversely affected by

MHC-mediated alloreactivity [26].

As an alternative to the isolation and reimplantation of

autologous MSCs, autogenous bone marrow mobilization

may be an effective way of increasing circulating stem cell

populations in peripheral blood to consequently increase

the number of cells that migrate to the site of injury. After

severe injuries such as myocardial infarction, stroke, or

blast injury, MSCs and hematopoietic stem cells (HSCs)

travel from bone marrow cavities into circulating blood in a

process termed ‘‘mobilization.’’ Once in circulation, che-

mokine-mediated signaling causes MSCs and HSCs to

‘‘migrate’’ to capillary beds near the site of injury, adhere

to the inner epithelial layers, and then ‘‘transmigrate’’ into

the injured tissue to participate in regenerative processes

[49]. Numerous cytokines and small molecule receptor

antagonists have been shown to induce bone marrow mo-

bilization to increase circulating stem cell concentration

[28], one of which is granulocyte-colony stimulating factor

(G-CSF), a glycoprotein known to participate in the native

immune response [48]. G-CSF is used clinically to combat

neutropenia in patients undergoing myeloablative proce-

dures [45] and for HSC mobilization in bone marrow

donation [1, 46]. G-CSF has also been shown to induce

MSC mobilization from the bone marrow into the periph-

eral vascular system [11]. Increasing the concentration of

circulating MSCs to increase the number of MSCs that

migrate to a site of injury can potentially aid in tendon-to-

bone healing as a result of the local expression of

chemokines after injury.

With this in mind, we posed the following questions: (1)

Does G-CSF administration increase local cellularity after

acute rotator cuff repair? (2) Is there histologic evidence

that G-CSF improved organization at the healing enthesis?

(3) Does G-CSF administration improve biomechanical

properties of the healing supraspinatus tendon-bone com-

plex? (4) Are there micro-MRI-based observations

indicating G-CSF-augmented tendon-bone healing?

Materials and Methods

Surgical Methods and Animal Groups

Under an Institutional Animal Care and Use Committee-

approved protocol, 52 mature, female Sprague-Dawley rats

received a surgically created, full-thickness supraspinatus

tendon defect followed by surgical repair, as previously

described [3, 4, 13, 19–21]. The left shoulder was ap-

proached through a deltoid-splitting technique. The

acromioclavicular joint was separated and the anterior
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corner of the acromion was reflected to gain access to the

supraspinatus tendon. A 4-0 Ethibond (Ethicon, Somerville,

NJ, USA) suture was then placed in the tendon in a modified

Mason-Allen configuration. The supraspinatus was sharply

incised from the greater tuberosity behind the biceps tendon

to the upper part of the infraspinatus; the tuberosity was then

prepared by sharply scraping any remaining tendon on the

tuberosity with the scalpel. Two crossed 0.35-mm drill holes

were created in the tuberosity and the free ends of the suture

were passed through these to reduce the supraspinatus to the

greater tuberosity footprint. The suture ends were then tied

over the metaphyseal bone bridge laterally to complete the

repair. The deltoid was closed with absorbable suture and the

skin closed in a layered fashion. All animals were allowed

ad libitum cage activity and diet for the entire postoperative

period until euthanasia.

After repair, rats were randomized to either the control (n =

26) or G-CSF-treated (n = 26) group (Fig. 1). Animals in the

G-CSF group received subcutaneous injections of 100 lg/kg

G-CSF (Filgastrim; Amgen, Thousand Oaks, CA, USA) each

day for 5 postoperative days. This dose mirrors clinical use of

G-CSF and is commonly used within murine models to pro-

mote the mobilization of stem cells into peripheral blood [22].

The control animals received normal saline injections of

equivalent volume. Rats were euthanized by CO2 asphyx-

iation at 12 and 19 postoperative days. These time points were

selected to assess early differences between treatment groups

and represent similar time points for other studies that have

used G-CSF in murine models of lung contusion [22] and

myocardial infarction [35]. Recent studies also indicate early

systemic effects associated with G-CSF therapy [37, 41].

Shoulder specimens dedicated to biomechanical testing (n = 8

per group per time point) were dissected en bloc, wrapped in

saline-soaked towels, and immediately frozen at –20� C until

the day of testing. Six of the shoulders dedicated to

biomechanical testing were also randomized to undergo

pretest micro-MR imaging before dissection preparation.

Specimens dedicated to histologic analysis (n = 5 per group

per time point) were dissected to expose the humerus with the

attached supraspinatus tendon and muscle and immersed

fully in 10% neutral-buffered formalin (NBF) for 3 days,

washed three times with phosphate-buffered saline (PBS),

and stored in sterile PBS until histologic processing. Normal

healthy, noninjured and nonrepaired specimens were used to

define baseline levels in each analysis.

Micro-MRI and Evaluation

A 3-T (10-cm bore size) micro-MRI (MR Solutions, Guild-

ford, UK) was used for the imaging of the supraspinatus

tendon-bone complex. Fat-saturated T2-weighted fast-spin

echo (FSE), sagittal T1-weighted FSE, and coronal proton

density-weighted FSE sequences were used (Fig. 1; Table 1).

A blinded musculoskeletal-trained radiologist (SD) evaluated

and graded images of each specimen according to three

qualitative categories: signal intensity, tendon thickness, and

tendon retraction (Table 2). These categories were chosen

based on literature describing clinical MRI evaluation of the

rotator cuff using similar sequences as those used in our study

[34, 38]. An overall MRI score was calculated for each animal

by summing the grade of the individual sections, and average

MRI score was compared between groups.

Biomechanical Testing

Biomechanical testing was performed by two biomedical

engineers (TM, MK) on a materials testing machine (MTS

Insight 150; MTS Systems Corp, Eden Prairie, MN, USA).

Fig. 1 A-C (A) Sagittal, T1-weighted (left) MR images of the rat

shoulder show the supraspinatus tendon inserting into the humerus

near the midline. (B) Coronal proton density (PD)-weighted (middle),

and (C) T2-weighted (right) images show the supraspinatus tendon as

a continuous dark band (red arrow). A = anterior; P = posterior; S =

superior; M = medial; L = lateral. Red arrow designates intact RC.
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Frozen specimens were thawed to room temperature, dis-

sected to isolate the humerus and attached to the

supraspinatus myotendinous unit, and embedded in a

polyester resin. Before testing, the cross-sectional area of

each tendon was calculated using a custom-manufactured

laser-based system previously used in biomechanical test-

ing of rodent supraspinatus tendons [44]. Testing was

performed in an environmental testing chamber containing

temperature-controlled buffered saline (39� C, pH = 7.4)

with the force application along the axis of the

supraspinatus tendon positioned in 15� of abduction rela-

tive to the humerus. Stress relaxation testing was

performed using the protocol: 0.1-N preload, precondi-

tioning for 10 cycles from 0.1 N to 0.3 N, hold at 0.1 N for

300 seconds, and elongation to 5% strain at a rate of 50%/

second followed by a 1200-second relaxation period. After

stress relaxation, the tendon was fully unloaded for 5

minutes and then subjected to ultimate failure testing. The

tendon was preloaded, preconditioned, and loaded to fail-

ure at a rate of 0.3%/second [36]. Data were collected with

MTS software and analyzed using a custom program in

Matlab (R2013a; Mathworks, Natick, MA, USA) to cal-

culate the parameters from stress relaxation and load-to-

failure testing: peak stress (MPa), equilibrium stress (MPa),

percent relaxation, ultimate stress (MPa), ultimate strain,

modulus (MPa), yield stress (MPa), and yield strain.

Histology

After fixation in 10% NBF, samples were embedded in

paraffin, decalcified, and cut into coronal sections (ap-

proximately 5 lm thick). Sections were spaced

sequentially at the coronal center of the humerus to include

the entire osseotendinous junction of the supraspinatus

tendon, the supraspinatus muscle belly, and the proximal

humerus. Sections were stained with Safranin-O/Fast

Green (Saf-O) and hematoxylin and eosin (H&E) and im-

aged at x 10 using light microscopy. Histomorphometric

quantification of relative bone volume (BV/TV) and mean

trabecular thickness were performed on six sections of each

using the BoneJ plugin for the image-processing program

ImageJ (Bone J, NIH, Bethesda, MD, USA) [8].

Qualitative analysis of the supraspinatus tendon, tendon-

bone insertion, and relative cellularity was performed by a

blinded graduate-trained biomedical researcher (KB).

Digital reconstructions of H&E- and Saf-O-stained whole-

mount slides were viewed by the graders using digital

pathology software (ImageScope; Leica Biosystems, Buf-

falo Grove, IL, USA), which permitted viewing at a range

of magnifications from 9 1 to 9 20. A modified Bonar

score [32], inversely proportional to tendon quality, was

implemented to assess tendon integrity on digitized whole-

mount views of H&E-stained sections. As part of the

modified Bonar score, the blinded reviewer assessed the

degree of vascularity within the tendon (score: 0–3; infre-

quent vessels versus increased number of vessels), the

morphology of fibroblasts within the tendon (score: 0–3;

cell axis aligned with tendon versus rounded cells) as well

as the degree of collagen orientation (score: 0–3; sig-

nificantly maintained orientation and crimp pattern versus

disorganized fibers). Metachromasia at the supraspinatus

tendon-bone interface was qualitatively assessed on Saf-O-

stained sections by the blinded reviewers. Finally, the de-

gree of cellularity within the supraspinatus tendon, humeral

bone tunnels, and within the humeral head was also

Table 1. Micro-MRI parameters

MRI sequence Echo time (ms) Repetition time (ms) Slice thickness/gap In-plane resolution (lm) Field of view (mm) Averages

T1 FSE 20 520 1.00/0.00 156 9 156 40 9 40 7

T2 FSE 85 4800 0.85/0.00 156 9 156 40 9 40 8

PD FSE 40 3500 0.85/0.00 156 9 156 40 9 40 6

FSE = fast-spin echo; PD = proton density.

Table 2. Qualitative MRI grading scheme

Category and grade Description

Signal intensity

0 Homogenous dark signal

1 Intermediate, inhomogeneous signal

with focal brightness

2 Bright signal with fluid

Tendon thickness

0 Normal thickness

1 100%–150% of normal thickness

2 150%–200% of normal thickness

Tendon retraction

0 No retraction

1 Retracted to halfway point between footprint

and glenoid

2 Retracted to glenoid or more
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assessed on digitized whole-mount views of H&E-stained

sections.

Data Analysis and Statistical Methods

All statistical analysis was performed in SPSS (Version 22;

IBM Corp, Armonk, NY, USA). Equal variance and nor-

mality assumptions were verified using Levene test and

Shapiro-Wilk test, respectively. Differences in normally

distributed and nonnormally distributed variables among

normal, control, and G-CSF groups were compared using

one-way analysis of variance or Kruskal-Wallis test, re-

spectively. Post hoc comparisons were performed using a

modified Bonferroni post hoc test (a = 95%). Differences

between two normally distributed and nonnormally dis-

tributed independent variables within each group were

compared using t-tests or Mann-Whitney U tests, respec-

tively. Ordinal data such as MRI score or histologic score

were compared between groups using the Kruskal-Wallis

test with a modified Bonferroni post hoc test of multiple

comparisons (a = 95%). Differences in ordinal data be-

tween two independent variables within each group were

compared using Mann-Whitney U tests.

Results

Histology

G-CSF-treated animals had significantly higher composite

scores for cellularity at both 12 and 19 days compared with

both control (12 days: p = 0.038; 19 days: p = 0.023) and

normal animals (12 days: p = 0.029; 19 days: p = 0.019) at

both time points (Table 3). G-CSF treatment also exhibited

increased cellularity in both the humeral head (12 days: p =

0.038; 19 days: p = 0.045) and within the bone tunnels

(12 days: p = 0.076; 19 days: p = 0.044) compared with

control animals. Semiquantitative histologic assessment

demonstrated lower modified Bonar scores for supraspinatus

tendons from G-CSF animals compared with control animals

at both 12 and 19 postoperative days (Table 3); however, a

significant difference was not detected (12 days: p = 0.719;

19 days: p = 0.932). Control animals demonstrated sig-

nificantly higher modified Bonar scores compared with

normal animal tendons at both time points (12 days: p =

0.013; 19 days: p = 0.022).

G-CSF-treated animals exhibited significantly lower

BV/TV in the entire humeral head (p = 0.009) and at the

supraspinatus insertion (p = 0.027) compared with normal

animals at 12 days (Table 4). There was no difference in

relative bone volume of the whole humeral head (12 days:

p = 0.679; 19 days: p = 0.969) or supraspinatus insertion

(12 days: p = 0.898; 19 days: p = 0.800) between control

and G-CSF animals at either time point. In addition, there

was no difference in relative bone volume of the whole

humeral head (12 days: p = 0.066; 19 days: p = 0.821) or

supraspinatus insertion (12 days: p = 0.085; 19 days: p =

0.105) between normal and control animals at either time

point. There was no difference in trabecular thickness of

the humeral head between normal and G-CSF-treated ani-

mals (12 days: p = 0.599; 19 days: p = 0.924), between

normal and control (12 days: p = 0.837; 19 days: p =

0.924), or between G-CSF-treated and control animals

(12 days: p = 0.939; 19 days: p = 0.910). Furthermore,

there was no difference in trabecular thickness of the

supraspinatus insertion between normal and G-CSF-treated

animals (12 days: p = 0.789; 19 days: p = 0.535), between

normal and control (12 days: p = 0.678; 19 days: p =

0.303), or between G-CSF-treated and control animals

(12 days: p = 0.973; 19 days: p = 0.902) (Table 4).

Table 3. Semiquantitative histology results

Treatment

group

Modified Bonar score

(mean ± SD

[95% CI])

Enthesis metachromasia

score (mean ± SD

[95% CI])

Cellularity score

(mean ± SD

[95% CI])

Normal 2.44 ± 0.88 (1.76–3.12) 2.33 ± 0.70 (1.78–2.87) 3.88 ± 1.69 (2.58–5.18)

Control

12 days 5.25 ± 0.50 (4.45–6.04)* 1.75 ± 0.50 (0.95–2.54) 4.50 ± 0.57 (3.58–5.41)�

19 days 4.80 ± 1.48 (2.95–6.64)* 2.00 ± 0.71 (1.12–2.87) 5.40 ± 0.89 (4.28–6.51)�

G-CSF

12 days 4.40 ± 1.51 (2.51–6.28) 2.20 ± 0.84 (1.16–3.23) 7.40 ± 1.14 (5.98–8.81)*

19 days 4.20 ± 1.48 (2.35–6.04) 2.60 ± 0.54 (1.91–3.28) 8.00 ± 1.00 (6.75–9.24)*

*Significant difference from normal; �significant difference from G-CSF; G-CSF = granulocyte-colony stimulating factor.
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Biomechanical Properties

Results from stress relaxation testing indicate that, com-

pared with control animals, G-CSF treatment did not

induce a significant difference in peak stress (MPa), equi-

librium stress (MPa), or percent relaxation at either 12 days

(p = 1.000, p = 1.000, and p = 0.931, respectively) or

19 days (p = 1.000, p = 1.000, and p = 0.682, respectively)

(Table 5). G-CSF-treated animals also exhibited no sig-

nificant difference in peak stress (MPa), equilibrium stress

(MPa), or percent relaxation (p = 0.109, p = 0.138, and p =

0.768, respectively) between 12 and 19 days. However,

there was a significant increase for control animals between

12 and 19 days in peak stress (MPa), equilibrium stress

(MPa), and percent relaxation (p = 0.027, p = 0.010, and

p = 0.030, respectively). Normal animals exhibited sig-

nificantly superior properties for all stress relaxation

parameters compared with both treatment groups at 12 and

19 days (p \ 0.001 for all comparisons).

Results from failure testing indicate no significant dif-

ference in ultimate stress (MPa), ultimate strain, modulus

(MPa), or yield stress (MPa) and yield strain between

G-CSF-treated and control animals at either 12 days (p =

1.000, p = 0.104, p = 1.000, p = 0.909, and p = 0.483,

respectively) or 19 days (p = 0.999, p = 0.964, p = 1.000,

p = 0.988, and p = 0.904, respectively) (Table 6). G-CSF-

treated animals exhibited no significant difference in ulti-

mate stress (MPa), ultimate strain, yield stress (MPa), or

yield strain between 12 and 19 days (p = 0.082, p = 0.463,

p = 0.130, and p = 0.223, respectively). However, there was

a significant increase in modulus (MPa) (p = 0.035). For

control animals, no significant difference was found be-

tween 12 and 19 days in ultimate strain (p = 0.093) or yield

strain (p = 0.155), but there was a significant increase in

ultimate stress (MPa) (p = 0.034), modulus (MPa) (p =

0.002), and yield stress (MPa) (p = 0.049). Normal animals

had significantly greater ultimate stress (MPa), modulus

(MPa) and yield stress (MPa) compared with both treat-

ment groups at both 12 and 19 days (p \ 0.05 for all

comparisons). When compared with normal animals, ulti-

mate strain was significantly higher in G-CSF-treated

animals at 19 days (p = 0.016) and in control animals at

Table 4. Bone histomorphometry results

Treatment

group

Humeral head Supraspinatus tendon insertion

BV/TV (%)

(mean ± SD [95% CI])

Tb.Th (lm)

(mean ± SD [95% CI])

BV/TV (%)

(mean ± SD [95% CI])

Tb.Th (lm)

(mean ± SD [95% CI])

Normal 32.50 ± 2.38 (29.99–35.01) 82.66 ± 6.86 (75.45–89.86) 33.36 ± 1.69 (31.58–35.14) 88.62 ± 14.58 (73.31–103.9)

Control

12 days 26.87 ± 4.41 (19.85–33.90) 78.64 ± 1.49 (76.26–81.02) 26.89 ± 5.36 (18.39–35.46) 80.47 ± 9.13 (65.94–95.01)

19 days 29.89 ± 10.8 (16.43–43.35) 86.07 ± 12.7 (70.27–101.8) 24.81 ± 8.79 (13.89–35.74) 76.45 ± 8.76 (65.57–87.34)

G-CSF

12 days 24.89 ± 3.80 (20.17–29.60)* 76.17 ± 17.1 (54.89–97.45) 25.67 ± 5.33 (19.04–32.29)* 82.69 ± 18.1 (60.23–105.1)

19 days 28.81 ± 6.45 (20.80–36.83) 82.16 ± 22.2 (54.51–109.8) 27.40 ± 7.12 (18.55–36.24) 80.03 ± 14.3 (62.23–97.83)

*Significant difference from normal; �significant difference between 12 and 19 days; BV/TV = relative bone volume; Tb.Th. = mean trabecular

thickness; G-CSF = granulocyte-colony stimulating factor.

Table 5. Results from stress relaxation testing

Treatment

group

Peak stress (MPa)

(mean ± SD [95% CI])

Equilibrium stress (MPa)

(mean ± SD [95% CI])

Percent relaxation

(mean ± SD [95% CI])

Normal 0.98 ± 0.49 (0.57–1.39) 0.70 ± 0.36 (0.40–1.01) 28.17 ± 5.66 (23.44–32.90)

Control

12 days 0.09 ± 0.05 (0.04–0.13)* 0.030 ± 0.02 (0.01–0.04)* 66.80 ± 5.93 (61.84–71.76)*

19 days 0.17 ± 0.08 (0.10–0.23)*,� 0.070 ± 0.04 (0.04–0.10)*,� 58.48 ± 7.68 (52.05–64.90)*,�

G-CSF

12 days 0.10 ± 0.05 (0.05–0.14)* 0.033 ± 0.01 (0.02–0.04)* 65.04 ± 7.20 (58.38–71.69) *

19 days 0.16 ± 0.08 (0.09–0.22)* 0.065 ± 0.05 (0.02–0.11)* 63.33 ± 13.37 (52.15–74.50) *

*Significant difference from normal; �significant difference between 12 and 19 days; G-CSF = granulocyte-colony stimulating factor.
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both 12 days (p = 0.005) and 19 days (p = 0.042). There

was no significant difference in yield strain between nor-

mal animals and G-CSF-treated animals at either 12 days

(p = 0.551) or 19 days (p = 0.159). In control animals, yield

strain was significantly higher at both 12 days (p = 0.027)

and 19 days (p = 0.045) compared with normal animals.

No significant differences in cross-sectional area were

found between G-CSF and control treatment groups at ei-

ther 12 days (p = 0.949) or 19 days (p = 0.757) (Fig. 2).

Cross-sectional area in control animals decreased sig-

nificantly between 12 and 19 days (p = 0.016), whereas

tendons from G-CSF-treated animals did not exhibit a

significant change in cross-sectional area (p = 0.357).

Cross-sectional area was significantly greater in tendons

from both G-CSF and control animals compared with

normal tendons at both 12 days (p \ 0.001, p \ 0.001,

respectively) and 19 days (p \ 0.001, p \ 0.001,

respectively).

MRI

There was no difference in MRI score between control and

G-CSF animals at either 12 days (control: 2.3 ± 1.8

[confidence interval {CI}, 0.49–4.17); G-CSF: 2.7 ± 1.8

[CI, 1.08–4.24]; p = 0.623) or 19 days (control: 2.3 ± 1.5

[CI, 0.75–3.91]; G-CSF: 2.5 ± 1.4 [CI, 1.05–3.94], p =

0.737). Normal, intact tendons had a significantly lower

MRI score (0.33 ± 0.51 [CI, 0.0–0.87]) compared with

both control (12 days: p = 0.029; 19 days: p = 0.008) and

G-CSF (12 days: p = 0.019; 19 days: p = 0.005) at both

time points. There was no difference in MRI between the

12- and 19-day time points within the control (p = 0.937) or

G-CSF groups (control: p = 0.589).

Discussion

The precise involvement of MSCs in immune and regen-

erative processes of orthopaedic soft tissues has yet to be

fully elucidated. Although no MSC-related orthopaedic

treatment is, to date, approved for clinical use in the United

States, some previous laboratory studies have demonstrated

the potential of MSCs to improve tendon-to-bone healing

in vivo [19–21, 33]. Despite the promise of MSCs, there

are significant technical and regulatory hurdles that have

precluded their widespread clinical adoption. Our study

used marrow-derived stem cell mobilization in an effort to

increase circulating populations of MSCs, which, in turn,

may ‘‘home’’ to the site of rotator cuff repair to improve

tendon-to-bone healing. Specifically, we administered

G-CSF, a potent FDA-approved mobilization agent, after

acute injury and surgical repair of the rat supraspinatusT
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tendon. Our results indicate that G-CSF-treated subjects

displayed reduced recovery of tendon mechanical proper-

ties after cuff repair and equivocal MRI findings compared

with the control group but histologic evidence of sig-

nificantly increased cell recruitment to the tendon and

humeral head.

This study is associated with some limitations. First,

acute surgical supraspinatus injury followed immediately

by surgical repair is not entirely representative of the eti-

ology of rotator cuff disease in the human shoulder, where

a tear typically develops as a consequence of gradual de-

generation. Second, the rat has an inherently higher

capacity to regenerate soft tissues, but we limited this ef-

fect by the use of mature rats and the use of a control

group. The time points chosen in our study represented a

phase of early-to-intermediate healing, and, therefore,

long-term results of either group are not known. Addi-

tionally, we used micro-MRI to image the rat shoulder, but

analysis of MRI data was limited by both the subjective

nature of the grading system we used and the resolution

limits of the system. Histologic sections analyzed in our

study only provided a two-dimensional view of a relatively

small volume of the tendon-to-bone insertion, but we

limited this by the use of spaced sections rather than serial

sections. Lastly, we did not perform an analysis of the

mobilization effect of subcutaneous G-CSF administration

or a phenotypic study of the cells that were recruited to the

surgical site. The effect of G-CSF administration on stem

cell mobilization is well established in murine and other

models [11, 22, 28, 35, 37, 46].

We hypothesized that serial injections of G-CSF at

100 lg/kg after acute supraspinatus tendon injury and

repair would increase the recruitment of marrow-derived

stem cells to the site, manifested by an increase in cellu-

larity compared with controls. G-CSF treatment increased

cellularity in the operative shoulders with the most sig-

nificant increases in cellularity observed within the bone

tunnels and globally throughout the humeral head at each

time point. Stem cell recruitment and migration are fa-

cilitated by the expression of chemokines such as CXCL12,

which is the ligand for CXCR4 expressed by cells mobi-

lized from bone marrow into circulation [37]. There is a

paucity of data regarding the expression of chemokines

within the rotator cuff complex, although Kim et al

demonstrated that CXCL12 is overexpressed in the pres-

ence of subacromial bursitis [29]. Blaine et al also

investigated the effect of local proinflammatory cytokines

on CXCL12 expression within the subacromial bursa and

found that interleukin-1b significantly increased CXCL12

expression [5]. Both studies indicated the potential for

CXCL12 expression within chronically inflamed shoulder

tissue, although the model we used in our study represented

acute soft tissue trauma. Acute tissue injury and even

surgical trauma can result in local upregulation of

chemokines [2, 7]. Future studies are planned to identify

the lineage and phenotype of cells recruited to the rotator

cuff complex.

Improvements in both tendon structure and enthesis

metachromasia are hypothesized to be a function of in-

creased recruitment of G-CSF-mobilized, marrow-derived

MSCs. Most studies to date using stem cells to enhance

rotator cuff repair have used allogeneic cells. Gulotta et al

reported that transplanted allogenic MSCs did not improve

the quality or strength of rotator cuff healing despite evi-

dence of retention and metabolic activity [19]. Further

studies assessed the effect of genetically modified allo-

geneic stem cells on rotator cuff repair, first examining the

effect of allogenic MSCs treated with adenovirus-associ-

ated MT1-MMP [20] and also BMP-13 [21]. Cells

overexpressing MT1-MMP demonstrated moderate in-

creases in enthesis metachromasia, whereas ad-BMP-13

demonstrated no histologic improvement. A followup

study showed that transducing allogeneic, marrow-derived

MSCs with scleraxis improved the amount of fibrocartilage

present at the tendon-bone interface at the 4-week time

point [21]. Hernigou et al presented a case series of 45

human patients who underwent arthroscopic rotator cuff

surgery augmented with a heterogenous population of stem

and progenitor cells taken from intraoperative iliac crest

marrow aspirates [24]. The authors reported evidence of

enhanced healing through ultrasound, MRI, and functional

outcomes. In our study, postoperative administration of

G-CSF significantly increased cellularity in the humeral

head, bone tunnels, and in the supraspinatus tendon com-

pared with controls. Although no immunohistochemical

Fig. 2 Cross-sectional area of supraspinatus tendons in control,

G-CSF, and healthy rat groups is shown. *Significant difference

between 12 and 19 days. �Significant difference for control and G-

CSF rats at both 12 and 19 days.
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staining was performed to identify the infiltrating cells,

previous studies using stem cell mobilization agents in the

setting of cerebrovascular ischemia [41], acute myocardial

infarction [35], and lung contusion [22] demonstrated

similar increases in cellularity and have determined that

cells mobilized from marrow cavities indeed transmigrate

into injured tissues.

Administration of G-CSF did not improve the biome-

chanical properties of the healing supraspinatus tendon-bone

complex in our study. Although there was no difference in

biomechanical properties between the control and G-CSF-

treated groups, the G-CSF group exhibited less improvement

between the 12- and 19-day time points compared with the

control group. Studies have shown that normally healing rat

supraspinatus tendons exhibit steady increases in me-

chanical properties [13, 17]. Furthermore, we found that

tendon cross-sectional area remained constant in the G-CSF-

treated group between 12 and 19 days, whereas the control

group exhibited a decrease in cross-sectional area. Dourte

et al have previously shown that normally healing tendons

demonstrate a steady decrease in cross-sectional area during

remodeling [9]. The lack of significant increases in me-

chanical properties and decreases in tendon cross-sectional

areas may represent delayed healing. However, increased

tendon cross-sectional area could also be attributed to in-

creased scar formation or tendon anabolism, which could

assist in long-term healing and remodeling.

MRI evaluation of translational research models has been

reported in the literature in larger animal models such as the

sheep and canine [15, 39]. One report of a rodent model of

rotator cuff injury in a mouse model further defined the use of

MRI in evaluating fatty infiltration of chronic rotator cuff

tear and denervation [40]. Our study, however, is the first to

describe implementation of micro-MRI to evaluate the rat

rotator cuff after repair. In our study, postoperative changes

in the repaired tissues were evident on micro-MRI, including

localized edema in the repaired tendon and inhomogeneous

tendon signal. We used a qualitative grading scheme to

evaluate postoperative appearance of the rat shoulder, and

we found no differences in MRI scores between control and

G-CSF-treated animals. Both groups had, however, sig-

nificantly higher MRI scores at both time points compared

with normal, intact shoulders. Micro-MRI may be imple-

mented in future work encompassing longer postoperative

time points to track tendon remodeling.

To our knowledge, this is the first study to use stem-cell

mobilization agents to enhance tendon-bone healing. Our

study indicates that G-CSF treatment increases local cellu-

larity after rotator cuff repair, but this finding did not

translate to improved structural healing of the supraspinatus

tendon-bone complex. More research is necessary to deter-

mine which cell types were increased within the humerus and

tendon and whether these are indeed bone marrow-derived

stem or progenitor cells. Although G-CSF-mediated mobi-

lization is well established, future studies are necessary to

optimize mobilization schemes to maximize stem and pro-

genitor cell concentration in blood. Finally, it is critical to

elucidate whether mobilized cells are homing to the site of

injury and, importantly, whether homing cells participate in

regenerative or immunomodulatory mechanisms within

healing tissue.
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