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Abstract

Poor healing of high-energy fractures is often associated with severe muscle damage. This may be partly due to the production,

by the injured muscle, of inflammatory cytokines that somehow misdirect bone healing. In order to investigate this question, an

animal model was established which embodies a controlled degree of muscle injury with a dose response to the energy absorbed, that

can be characterised histologically. Using a custom crush jig, 60 CFLP mice had either 100 or 200 g masses dropped from a fixed

height onto the quadriceps muscle, with mechanical measurement of the impact. Energy of impact was reliably and significantly

different between the small and large impact conditions, though there was more variability when the large mass was used. Animals

were sacrificed at day 2, 4, 8, 16, and 24 post-injury. Muscle histomorphometry at all time points and immunohistochemistry for IL-

1b, IL-6, and TNF-a up to day 8 were used as measures of muscle damage, inflammation and repair. Histological sections were
analysed into areas of normal muscle fibres, damaged/regenerating muscle fibres and fibrous/inflammatory infiltrate. Early histo-

logical response was similar between the two groups; the large crush group displayed significantly greater areas of inflammatory

infiltrate and damaged muscle at the later time points after day 8. In the large crush group, IL-1b and IL-6 expression were sig-
nificantly higher at day 2 and TNF-a was higher at day 8 when compared to the small crush group.
The experiment demonstrated that more severe injury to muscle was reliably followed by increased inflammatory cytokine

production and a greater degree of inflammation and fibrosis. Increased production of inflammatory cytokines such as TNF-a and
IL-1b in the damaged muscles may activate macrophages and recruit fibroblasts, promote scar formation and lead to delayed union
or non-union of the adjacent fracture(s).

� 2004 Orthopaedic Research Society. Published by Elsevier Ltd. All rights reserved.
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Introduction

Poor healing in high-energy fractures is often asso-

ciated with marked concomitant muscle injury. Classi-

fications by Tscherne [15] and Gustilo [4] offer guidance

to orthopaedic surgeons faced with such injuries, mainly

based on the importance of the vascularity contributed

by a healthy muscle bed both to underlying bone and

overlying skin [10,17]. However the consequences of
inflammation, the initiator of all healing, are often un-
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deremphasised when examining the role of injured
muscle in healing.

In all types of muscle injury the cellular sequence of

events is remarkably similar. Best et al. [1] have noted

the similarities between muscle regeneration following

injury and those during growth and development. Fol-

lowing injury, these satellite cells migrate to the site of

disruption, proliferate, fuse with myotubes and become

mature myofibrils [2,12]. The removal of dead and
damaged muscle components is effected by endogenous

proteases and by exogenous proteases released from

infiltrating neutrophils and macrophages. An adequate

blood flow is required for transport of inflammatory

cells to the injury site. Twelve hours following injury,
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macrophages represent the predominant inflammatory
cell type [16]. Fibroblasts also mediate inflammation.

They are stimulated by IL-1b and TNF-a from their
normally quiescent state to produce collagen [8]. Allied

to this they are capable of degrading extracellular matrix

molecules and forming fragments known to be chemo-

attractive to both fibroblasts and inflammatory cells

[1,13].

The balance, between inflammation of a degree nec-
essary to initiate regeneration and excessive inflamma-

tion associated with poor muscle healing, scar formation

and delayed fracture union, may be reflected in the

production of inflammatory cytokines such as IL-1b and
TNF-a [14]. A model embodying controlled variation in
the degree of inflammatory response, with examination

of morphology and underlying cytokine expression,

would provide useful insights into the role of inflam-
mation in repair. Our objective was to create a model

which represents severe soft tissue envelope injury seen

in high-energy trauma. We hypothesised that severe in-

jury to muscle may cause excessive inflammatory cyto-

kine production and that this might contribute to

impaired muscle regeneration followed by scar forma-

tion and fracture healing.
Fig. 1. Crush jig with crush forceps in situ (A) schema
Materials and methods

Development of muscle crush jig

A crush jig was developed (Fig. 1A and B) to drop a mass from a
height of 130 mm onto the quadriceps muscle of an anaesthetised
mouse. This consisted of a mass suspended beneath an electromagnet,
and a guide rod down which the mass dropped to impact onto a flange
at the lower end of the rod. The lower tip of the guide rod rested on the
upper limb of a pair of crush forceps (Fig. 1C), the jaws of which
contained the muscle to be crushed.
Measurement of the impact was carried out on the empty jaws of

the crush forceps. A 20 kg load cell supporting the crush forceps on an
aluminium trestle transduced the impact into an electrical signal, which
was amplified and captured on a PC using an analogue/digital con-
verter and high frequency sampling software. In a pilot study impact
measurement was then performed on the quadriceps of ten mice: five
with a 100 g weight and five with a 200 g weight. The energy of the
measured impacts was derived and energy per unit volume of crushed
tissue was calculated and recorded.

Surgical procedure

All animal experimental procedures were approved and performed
under the control of guidelines for the Animals (Scientific Procedures)
Act 1986, British Home Office.
For the main study 60 skeletally mature (35–45 g) male CFPL mice

were used. Half had a small crush (100 g mass) and half had a large
crush (200 g mass). Mice under general anaesthesia and aseptic con-
ditions had a lateral incision through shaved skin and fascia lata from
the left knee to the greater trochanter. The plane between the vastii and
tic (B) the crush jig, and (C) the crush forceps.



Fig. 2. (A) Crush forceps with profile designed to constrain muscle fibres within the jaws. (B) Crush forceps in situ prior to positioning in the crush

jig. (C) Positioning of mouse with crush forceps in situ in the crush jig. (D) Appearance of the muscle belly immediately after crush injury.

1338 J.R. Bunn et al. / Journal of Orthopaedic Research 22 (2004) 1336–1344
hamstrings was opened by blunt dissection to expose the femur. A tissue
plane was opened in a coronal plane beneath the quadriceps so that
the body of the muscle was separated from underlying femur. The lower
jaw of the crush forceps was inserted between the quadriceps
muscle and the femur, the top jaw resting gently on the superior surface
of the muscle (Fig. 2A and B). An estimate of quadriceps cross sectional
area was made by measuring the muscle width within the forceps and
the muscle thickness between the upper and lower jaws of the forceps.
The mouse with forceps in situ was placed on the crush jig and the
weight allowed to fall and crush the quadriceps muscle as described
above (Fig. 2C). The crushed muscle was gently lifted from the crush
forceps (Fig. 2D) and the wound was closed. The animal was recovered
and free cage activity was permitted for the experiment duration.
Sample preparation

Mice were sacrificed in groups of 6 at day 2, 4, 8, 16 and 24-post-
muscle-crush. The left femur was excised by sharp dissection and
disarticulation through the knee and hip joints with the overlying
quadriceps muscle in situ. The quadriceps muscle was then retrieved,
Table 1

Primary and secondary antibodies used for detection of IL-1b, IL-6, and TN

Primary antibody Manufacturer Source/type

IL-1b Serotec Rabbit monoclonal

IL-6 Serotec Rabbit monoclonal

TNT-a Serotec Rabbit monoclonal

IL-1b Dako Goat anti-Rabbit

IL-6 Dako Rabbit anti-Rat

TNF-a Dako Rabbit anti-Rat
releasing through the quadriceps tendon distally and across uninjured
muscle proximally. Following excision the muscle specimens were co-
ded and fixed in 10% buffered formalin for 48 h. They were processed
for paraffin histology and subsequently embedded in paraffin wax. Six
micrometers thick sections were cut in the central coronal plane of the
samples and were mounted on poly-LL-lysine (Sigma Chemical Co.,
UK) coated slides. They were then stained with haematoxylin and
eosin. Sections for immunocytochemistry staining were similarly cut
and a standard indirect peroxidase method was used for staining for
IL-1b, IL-6 and TNF-a. Briefly, we cleared the paraffin with xylene
twice for 10 min and then rinsed the slides twice for 2 min each in
graded alcohols (100%, 95%, 70%, 50% ethanol) through to PBS (pH
7.2) for 5 min. Antigen retrieval was performed using proteinase-K
solution (20 lg/ml, DAKO, Dorset, UK) for 30 min at 37 �C followed
by blocking of endogenous peroxidase using 3% H2O2 solution for 10
min. Sections were washed three times for 2 min with PBS and the
primary antibody (Table 1) was applied for 1 h at 1:50 dilution at room
temperature in a humidified chamber. Slides were rinsed three times in
PBS and secondary antibodies (Table 1) at 1:100 dilution were applied
for 1 h at room temperature in a humidified chamber. The HRP
conjugated secondary antibodies were visualised using DAB substrate/
chromagen solution for 1–5 min.
F-a

Species Dilution

IgG Rabbit monoclonal IgG 1:50

IgG Rabbit monoclonal IgG 1:50

IgG Rabbit monoclonal IgG 1:50

Disclosure

HRP––DAB 1:100

Biotin––DAB 1:100

Biotin––DAB 1:100
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Image analysis

All coded sections were analysed blindly. Each section was viewed
by light microscopy (Leica DMLB; Leica Microscopy Systems,
Heerburg, Switzerland). Three digital images were taken of the central
damaged muscle zone in each specimen using Kodak Digital Sciences
DC120 200M camera and Digital Access (TWAIN Acquire) software
(Eastman Kodak Company, 1997). The images were then imported
into image analysis software Bioquant Nova Version 4.00.8 Advanced
Image Analysis (� 2001 R&M Biometrics, Inc, TN, USA), and the
area staining positively for cytokine was measured in pixels.
From the H&E stained slides, it was possible to distinguish between

normal and abnormal muscle fibres, but not possible to distinguish
between dying fibres and those regenerating. Similarly, among infil-
trating small round cells, it was not possible to distinguish between
fibroblasts and inflammatory cells. Areas of normal undamaged
muscle, damaged/regenerating muscle and fibrous/inflammatory infil-
trate were defined and quantified as numbers of pixels, averaged be-
tween three images per specimen.

Statistical analysis

The histomorphometric results were compared between large and
small crush groups at all time-points. Data were entered into an SPSS
(v.11) data file and non-parametric methods were used, displaying
distributions by means of boxplots and comparing groups with the
Mann-Whitney U test.
Results

Mechanical measurements

Energy of impact of 100 and 200 g weights onto

empty crush forceps demonstrated a highly significant

difference between groups (p < 0:001, Student’s t-test),
with a high degree of consistency within each group.
Comparison of the relative energy absorbed by unit

volume of muscle during the small and large crush was

also found to be highly significantly different (p ¼ 0:009,
Student’s t-test). There was more variability in the high-
impact group, possibly due to the increased likelihood of

a bounce following impact and alterations in the visco-

elastic properties of the muscle as it was deformed more

severely.
Muscle appearance

There were no significant differences in mean weights

and mean quadriceps muscle cross sectional area be-

tween groups showed. Comparison of macroscopically
the difference between the small and large crush group

was evident from the time of impact onwards. Whilst we

made no attempt to quantify the differences, we ob-

served increased haemorrhage, oedema and muscle dis-

ruption in the large crush group compared with the

small crush group. When harvesting the muscle we

found the haematoma formation, oedema and persis-

tence of bruising extended beyond eight days in the large
crush group while in the small crush group there was

little evidence of haematoma or oedema by eight days.

By 16 days the large crushed muscle group showed
persistent oedema with a pale scarring central zone
appearing in the muscle belly, the small crush group

looked virtually normal. At 24 days the large crush

group had a clearly demarcated central zone of fibrous

scarring compared with the normal appearance of the

small crush muscle at this time.

Histomorphometry analysis

Morphological alterations in the muscle architecture

were seen from day 2 onwards (Fig. 3). Loss of stria-

tions, swelling of myofibres, vacuolisation and inter-

nalisation of nuclei were seen in small and large crush
injuries at day 2 (Fig. 3A and B). A brisk inflammatory

infiltrate and fibroblast proliferation followed at day 4

(Fig. 3C and D), before myofibre regeneration and res-

olution occurred at day 24 (Fig. 3E and F). Three

parameters were used to measure the effect of crush on

the muscle; the area of damaged or regenerating fibres,

the area of infiltrating inflammatory or fibrous tissue

and the area of intact fibres.
The areas of damaged and regenerating muscle were

consistently higher in the large crush group compared

with the small crush group across the duration of the

experiment (Fig. 4A), reaching significance at later time-

points at day 16 and day 24 (p < 0:05, Mann-Whitney U
test). We noted a substantial increase in damaged fibres

in the large crush group between day 2 and day 4,

possibly representing a local ischaemic-reperfusion effect
as activated inflammatory cells became able to penetrate

the central zone of the crush and produce more toxic

molecules which damaged potentially viable cells. This

change was not seen in the small crush group, and by

day 16 it could be clearly seen that regeneration was

almost complete in the small crush group with few

regenerating fibres or inflammatory/fibrous cells within

the muscle. In contrast 30% of the fibres in the large
crush group still had the morphological features of

regenerating muscle fibres. This observation persisted at

day 24 reaching significance at the p ¼ 0:05 level (Fig.
4A).

The inflammatory infiltrates and fibroblast invasion

peaked rapidly at day 8 in the small crush group (Fig.

4B) as inflammatory mediators recruit and activate

neutrophils and macrophages from the circulation. As
soon as the necrotic cellular debris was removed the

inflammatory cells disappeared, corresponding with the

maximal regeneration of the muscle fibres. After day 8

in the small muscle crush group, there were few

inflammatory/fibrous cells within the muscle fibres and

virtual normal morphology was seen. The large crush

group showed steady rise in invading inflammatory cells,

peaking at day 16 and remaining well sustained above
small crush levels beyond this time point (Fig. 4B). The

slow peak of the inflammatory infiltrates was in contrast

to the rapid peak seen in the small crush and was



Fig. 3. (A) Histology of muscles crushed by 100 g masses and (B) by 200 g masses at day 2 post-injury, note the substantial disruption of fibre

architecture and absence of inflammatory infiltrate in the muscles with large crush masses (arrows). (C) In the small muscle crush samples at day 4,

necrotic muscle fibres were seen adjacent to damaged fibre, with many invading inflammatory cells and fibroblasts (arrows). (D) In the large muscle

crush samples at day 4, muscle fibre degeneration, loss of striations, internalisation of nuclei, inflammatory cell invasion were clearly evident (ar-

rows). (E) In the small crushed muscles at day 24, there were some fibrous scarring tissues present, but the inflammatory infiltrates were scarce. (F) In

the large crushed muscles at day 24, a large amount of fibrous scarring tissues were present with numerous inflammatory infiltrates. H&E staining, A,

B, E, F, ·100 magnifications; C and D, ·400 magnifications.
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surmised to be attributable to damage to vascular con-

duits leading to the centre of the large crush area.

The area of intact uninjured muscle showed the dif-

ferential effect of a large versus small muscle crush. At

early time-points the area of intact muscle was greater

in small muscle crush samples, similarly after day 8,

showing significant differences at day 16 and day 24

(p < 0:05, Mann-Whitney U test). At the end of the
experiment the small crush had regenerated over 95% to

normal muscle while the large crush group could only

manage 60%.
Immunohistochemistry

Immunohistochemistry for IL-1b, IL-6, and TNF-a
were semi-quantified by expressing the area of positive

staining material in three ·200 fields in pixels and
comparing between groups. Standard deviations within

groups were large owing to the variability of this tech-

nique, however interesting trends were seen.
IL-1b was expressed in all samples. Expression

appears predominantly within and around invading

inflammatory cells in the extracellular space. The



Fig. 4. (A) Diagram representing areas of damaged and regenerating muscle fibres within the large and small muscle crush groups. Regeneration was

maximal in the small crush group at day 8, but it rapidly returned to normal morphology at day 16. In the large crush muscles, regeneration persisted

through the experimental period, and at day 24 regenerating muscle fibres only constituted 30% of the muscle fibre bulk. (B) Diagram representing

areas of inflammatory and fibrous infiltrate within crushed muscles. In the muscles received small crush, a rapid peak of inflammatory infiltrates was

seen at day 8, and returned to basal levels at day 16. In the muscles received large crush, they contained fewer infiltrating inflammatory cells at day 2

and 4 post-injury, but the inflammatory cells remained in the tissue for longer duration.
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inflammatory cells were predominantly monocyte/mac-

rophage morphologically (Fig. 5A). A rapid peak in

expression was seen in small muscle crush samples at the

day 4 post-injury followed by a rapid fall (Fig. 5B);

however, the expression pattern in the large crush group

showing an moderately increased expression at day 4

and a further moderate increase in expression at day 8
(Fig. 5B). In the large crush group the expression may

peak even later than day 8 suggesting that inflammation
responses was delayed but more sustained in this group

(Fig. 5B).

TNF-a was expressed in all samples (Fig. 5C). In the
small muscle crush groups the expression mirrored the

expression of IL-1b, peaking at day 4 and rapidly
returning towards normal at day 8 (Fig. 5D). In contrast

the large crush group exhibited increased expression of
TNF-a at each time-point, consistent with the expres-
sion of IL-1b. Again the large crush group seemed to



Fig. 5. (A) Example of IL-1b ICC in the muscles with large crush at day 4, IL-1b expression appeared predominantly in or around invading
inflammatory cells in the extracellular space. (B) Diagram showing semi-quantitative expression of IL-1b in the small and large crush groups with
time. (C) Example of TNF-a ICC in the muscles with large crush at day 4, TNF-a expression was similar as the IL-1b expression, TNF-a positive
staining were mostly seen in the fibrous and inflammatory interstitial infiltrates. (D) Diagram showing semi-quantitative expression of TNF-a in the
small and large crush groups with time. (E) Example of IL-6 ICC in the muscles with large crush at day 4, showing that fibrous tissue and invading

inflammatory cells were both potent sources of this cytokine. (F) Diagram showing semi-quantitative expression of IL-6 in the small and large crush

groups with time. Statistical analysis in B, D, and F was performed using Mann-Whitney U test for unpaired data, with p values stated respectively.
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have a delayed but much more sustained inflammatory

reaction within the injured muscle (Fig. 5D).

IL-6 was expressed in all samples (Fig. 5E). The small

crush group demonstrated no significant change in
expression at sequential time-points but had a tendency

to peak at day 4 and then returned towards to baseline

levels (Fig. 5F). IL-6 expression increased in the large

crush groups at day 8, this was linked with the presence

of inflammatory and fibrous tissue and may persist at

high levels for some time after this (Fig. 5F).
Discussion

This study was the first stage in the development of a

clinically relevant model of high-energy trauma, which
will incorporate a reliable degree of damage to the soft

tissue envelope around an underlying fracture. Its pur-

pose was to develop a mechanism that reproducibly

insults the quadriceps muscle of a mouse with a crush

injury and predictably causes a differential healing re-

sponse between small and large crushes. The variables in
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which reliability was sought were (i) the energy trans-
mitted through the muscle, (ii) proportions of inflam-

matory/fibroblast infiltration and damaged/regenerating

muscle and (iii) expression of the inflammatory cyto-

kines TNF-a, IL-1b and IL-6. This model is potentially
useful to study the effects of high-energy trauma on

muscle and fracture repair; and mechanisms of fracture

non-union and its treatment by blocking the inflamma-

tory cytokines using neutralizing antibodies.
Measurement of the impact onto muscle demon-

strated reasonably consistent impacts within each group.

The mean energy of impact per unit volume of tissue

was exactly double in the large crush group. The greater

variability energy of impact in the large crush may be

explained by the bounce of the larger mass following the

drop. Histomorphometry remains the gold standard

for measurement of muscle damage [11]. The areas of
uninjured muscle, damaged-regenerating muscle and

inflammatory and fibrous infiltrate clearly show the

differential effect of a large versus small muscle crush.

Within groups a predictable and reproducible pattern of

healing emerged. These parameters clearly differentiated

the effects of a small crush from a large crush at later

time-points. We therefore consider this model to provide

a reliable means of injuring muscle.
Following injury there was a substantial decrease in

the area of intact muscle at day 4 in the large crush

group corresponding with a substantial rise in the area

of damaged fibres. This confirms that a damaging

stimulus is ongoing in the muscle four days after the

impact. This is possibly due to a local reperfusion type

injury or ‘second hit phenomenon’ in which the severe

injury activates inflammatory cells and as a consequence
more damage is caused when the inflammatory cells

invade areas of normal and necrotic tissue [5,14]. This

was not seen in the small crush samples. The fibrous and

inflammatory infiltrate in the small crush group was

peaked rapidly and equally briskly diminished, exceed-

ing the infiltrate seen in the large group. No collateral

damage was observed in the small crush group. In

contrast the large crush group had a slow delayed peak
infiltrate that persisted and resulted in ongoing regen-

erating muscle fibres until day 24. Jarvinen and Sorvari

[7] observed three distinct zones in their crush model

which are replicated in our severe crush group: a central

zone with few invading cells, a penumbra of regenerat-

ing fibres full of inflammatory and fibrous cells and a

surrounding intact envelope. It is apparent from our

histologic observations that the slow peak is in contrast
to the rapid peak seen in the small crush and is surmised

to be attributable to damage to vascular conduits lead-

ing to the centre of the large crush area.

Muscle regeneration depends on angiogenesis. At

two days post-injury, sprouting capillaries are seen

growing in from the periphery of the damaged site,

producing granulation tissue by five days. Should the
centre of the injured area lie too far from an intact
blood supply, it is not revascularised and becomes re-

placed with scar tissue, without myotube regeneration

[3]. Excessive connective tissue production inevitably

leads to scarring and fibrosis. Inflammatory cytokines

TNF-a and IL-1b are chemoattractive for neutrophils,
macrophages and fibroblasts. These cells are necessary

in the early inflammatory response to scavenge and

remove necrotic material, preparing for mesenchymal
proliferation and revascularization [6]. The expression

of inflammatory cytokines IL-1b and TNF-a in the
small crush group peaked at day 4 and rapidly returned

towards normal levels. This triggered the rapid increase

in inflammatory infiltrate seen between day 4 and day 8

in the small crush group and subsequent rapid disap-

pearance. This is in contrast with the expression in the

large crush group, which continues to demonstrate a
rising expression at day 8 and correspondingly an

ongoing inflammatory presence. We see no clear dif-

ferences in IL-6 expression but the differential expres-

sion of IL-1b and TNF-a (significant at day 8) must
dictate the morphological differences after this point. It

is possible that a persisting inflammatory stimulus is

present (cellular debris etc.) or that a continuing local

environment rich in inflammatory cytokines, inflam-
matory cells and activated fibroblasts and poorly per-

fused with nutrients and oxygen exists. This prevents

the regeneration of myotubules and promotes the for-

mation of scar tissue.

These observations permit some understanding of

mechanisms underlying such a divergent healing re-

sponse seen not only in fractures with adjacent soft tis-

sue envelope trauma, also in spine surgeries with
prolonged instrumentation that caused muscle damages

and subsequent server pain and stiff back. Clearly this is

an oversimplification and other cytokines and growth

factors may also be involved, such as TGFb, FGF, IGF
[9]. It may also be hypothesized that a defect in angio-

genic response or vascular mechanism may be respon-

sible for scar formation in injured muscles. Further

investigations are warranted to test these hypotheses
in different clinical settings.

In conclusion, the muscle crush model described

above was reproducible as demonstrated by the highly

repeatable measured impacts. Reliability was seen in

statistically clear histomorphometric differences between

the two groups and corresponding ICC findings which

substantiated the morphological changes observed.

Validity was supported by corroborating findings from
other authors of muscle crush injury models and in

clinical experience of the effects of high-energy soft tis-

sue injuries and their complications compared with low

energy injuries. IL-1b and TNF-a were persistently ele-
vated in the large crush samples and they may be asso-

ciated with increased scar formation and poor fracture

healing. This model may be useful for further studies on
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the mechanisms/treatments of impaired fracture healing
associated with soft tissue envelope injuries.
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