3. Experimentelle Arbeiten

3.1 Tierexperimentelle Studien zum geschlossenen Weichteiltrauma

3.1.1 In vivo Analyse der Mikrozirkulation im Skelettmuskel der Ratte nach

geschlossenem Weichteiltrauma

Im Zentrum der ersten Untersuchungen stand zunachst die Klarung der Frage,
inwieweit eine traumatisch-induzierte mikrozirkulatorische Dysfunktion die Basis fur

den progressiven Verlauf schwerer geschlossener Weichteilschaden darstellt.

Aufgrund der Tatsache, dass bisher kein valides Tiermodell des geschlossenen
Weichteilschadens beschrieben wurde, ist zunachst ein standardisiertes Tiermodell
des traumatisch geschlossenen Weichteilschadens, welches eine in-vivo-Analyse
und Quantifizierung der Mikrozirkulation erlaubt, etabliert worden (123, 150). Hierzu
wurde die zur standardisierten Induktion schwerer Schadelhirntraumen entwickelte
Computer-assoziierte  Controlled-Impact-Injury-Technik (33, 100) fur die
Weichteiltraumatisierung der Extremitaten modifiziert. Mit Hilfe dieser
standardisierten Technik konnte die klinische Situation einer durch ein
Hochrasanztrauma induzierten schweren isolierten Weichteilverletzung (ohne
Fraktur) im Tiermodell der Ratte realitatsnah und in Analogie zu einer humanen Gll-
lll-Verletzung nach TSCHERNE (178) simuliert werden. Nach mikrochirurgischer
Praparation des M. extensor digitorum longus (180) wurden mit Hilfe der intravitalen
Fluoreszenzmikroskopie  die  posttraumatischen  Veranderungen in  der
mikrovaskularen Perfusion und Entziindungsreaktion tber einen Zeitraum bis zu 5
Tagen post Trauma analysiert und quantifiziert. Gleichzeitig wurde der

intramuskulare Druck und Wassergehalt zur Bestimmung des Odems erfasst.

So war es bisher wunklar, ob und in welchem Ausmal® &hnliche
Mikrozirkulationsstérungen, wie sie fir das Ischamie-/Reperfusionssyndrom
pathognomonisch sind, auch beim traumatischen Weichteilschaden von
pathophysiologischer  Relevanz  sind.  Konkrete  Ergebnisse in  der
Mikrozirkulationsanalyse des Skelettmuskels nach schweren, geschlossenen

Weichteilschaden sind im folgenden aufgeflhrt:
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e Die Mikrozirkulation des geschlossen traumatisierten Skelettmuskels der Ratte
lasst sich zuverlassig und mit sehr guter Bildqualitat fir einen Zeitraum von bis zu
5 Tagen nach Trauma mittels intravitaler Fluoreszenzmikroskopie direkt quantitativ

analysieren (123).

e Wie durch diese Studien gezeigt werden konnte, kommt es beim geschlossenen
traumatisch bedingten Weichteilschaden zu protrahierten pathologischen
Veranderungen der nutritiven Perfusion. Diese sind mit einer signifikanten
Zunahme der mikrovaskularen Permeabilitat (makromolekulare Leakage) als
Anzeichen eines sich  progressiv  entwickelnden  Endothelzellschadens
vergesellschaftet. Weiterhin fihrt der geschlossene traumatische Weichteilschaden
zu einer massiven traumatisch-induzierten Entzindungsreaktion, die durch eine
drastische Zunahme der Akkumulation und Adharenz von Leukozyten am
mikrovaskularen Endothel postkapillarer Venolen gekennzeichnet ist. Das
gleichzeitige posttraumatische Auftreten von mikrovaskularem Perfusionsversagen,
erhdohter mikrovaskularer Permeabilitdt flir plasmatische Makromolekile,
Leukozytenadh&renz und intramuskulérer Drucksteigerung sowie Odem (Maximum
erst 24-72h post Trauma) lasst somit auf eine kausale Bedeutung der
Mikrozirkulationsstorung fur die Entwicklung des Sekundarschadens schlie3en
(123, 150).
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Summary: Major loss of tissue is an almost invariable consequence of severe closed soft-tissue 1njury. Chini-
cally, the extent of soft-tissue trauma determines the outcome of complex injurics and significantly mflucnces
bonc healing. With usc of a new animal model, this study quantitatively analyzed microcirculation, 1.€., nutri-
tive perfusion and leukocyte-endothelial cell interaction, in skeletal muscle after standardized closed soft-
tissue injury. By means of a computer-assisted controlled-impact technique, a severe standardized closed
soft-tissue injury was induced in the left hindlimb of 28 rats. The rats were assigned to four experimental
eroups (n = 7 per group) that differed by time of analysis (1.5, 24, 72, and 120 hours after injury); rats that
were not injured served as controls (n = 7). Intramuscular pressure was measured, and microcirculation 1n
the rat extensor digitorum longus muscle was analyzed by in vivo fluorescence microscopy, which allowed
assessment of microvascular diameters, functional capillary density, number of rolling and adherent leuko-
cytcs 1n venules, and microvascular permeability. Edema weight gain was quantified by the ratio of wet to
dry weight of the cxtensor digitorum longus muscle. Microvascular perfusion of the skeletal muscle was
characterized by a significant reduction in functional capillary density, which was paralleled by an 1ncrcase
in capillary diameter throughout the 120 hours of observation when compared with the controls. Trauma-
induced inflammatory response was reflected by a markedly increased rolling and adherence of leukocytes,
primarily restricted to the endothelium of postcapillary venules; this was accompanied by increased microvas-
cular permeability, indicative of a substantial loss of endothelal integrity. The microcirculation surrounding
the core of the damaged tissuc area rescmbled that of ischemia-reperfusion injury in skeletal muscle, 1.e., het-
crogencous capillary perfusion, pronounced microvascular leakage, and adhcerence of leukocytes. Enhanced
vascular leakage and leukocyte adherence (24-72 hours after injury) coincided with the maximum intramus-
cular pressurc (which was not indicative of compartment syndrome) and cdema formation. These results
demonstrate that initial changes, leading to ultimate tissuc death, after closed soft-tissue 1njury are caused on
the microcirculatory level. This standardized model provides further insight into microvascular pathophysiol-
ogy and ccllular interactions following closed soft-tissue injury. Thus, 1t 1s an adequate tool for testing novel
therapcutic interventions.

Among the many factors that determine the out-
comc of complex injuries, the role of closed soft-tissuc
damage remains only partly understood. Clinically,
the extent of soft-tissue damage significantly deter-
mines the process of bone healing, the guidance of
fracturc management, and patient prognosis. The un-
derlying pathophysiological mechanisms of closed
soft-tissue damage are just now being understood
(4,20,42,48). Factors limiting our understanding of
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closed soft-tissue injury include (a) ditficulties, due to
the lack of specific and noninvasive diagnostic tools,
in cvaluating the extent of thc injury, (b) a limited
number of clinical trials, (¢) the abscnce of appropri-
ate, standardized animal models of clinical relevance,
and (d) unidentified pathways triggering the pro-
longed propagation and progressive course of the
injury as noted clinically. Despite these limitations,
management of severe closed soft-tissue injury is an
exceptional clinical challenge (11,26,36,37,45). There
is clear evidence that specific and cfficient therapeutic
interventions must bc dirccted to early stages of the
injury becausec the end stage, which is complicated
by infccted hematoma or cxtensive myonecrosis, rc-
sponds minimally to treatment (25-27,37,45). Under-
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standing why 1nitially viable tissucs become necrotic
over time 1n closed soft-tissuc 1njury may therefore
assist in improving therapeutic regimens aimed at rc-
stricting tissue damage. However, a valid and clinically
relevant model of standardized closed soft-tissue 1n-
jury, caused by high-velocity trauma without induction
of fracture or compartment syndrome, remains to bc
established. The significance of high-velocity 1njurics
to the himbs 1s of particular importance because most
scvere soft-tissue 1njurics occur 1n high-cnergy acci-
dent victims.

With injury, ischemia, or infection, inflammatory re-
actions 1n severely damaged and necrotic skeletal
muscle can destructively affect the surrounding tissuc
(43). These deleterious changes, in conjunction with
the progressive coursc of closed soft-tissue injury,
may be caused and preceded by microcirculatory al-
terations below the level of compartment syndrome.
Therefore, this study evaluates the hypothesis that
progressive tissue damage following severe closed
soft-tissue injury is secondary to delayed and pro-
longed microvascular perfusion failure (decreased
nutritive perfusion independent of its causc) or in-
creased leukocyte recruitment (leukocyte rolling and
adherence to the microvascular endothelium as a pre-
requisite for transendothelial emigration and extrava-
sation of these cells [2] to the focus of inflammation),
or both. To test this hypothesis, the present study
aimed to quantitatively analyze, with use of a new
animal model, the microcirculation, 1.e., nutritive per-
fusion and leukocyte-endothehal cell interaction, 1n
skeletal muscle following standardized closed soft-
tissue 1njury.

MATERIAL AND METHODS

Animal Model, Impact Device,
and Surgical Preparation

All experimental procedures were performed with ethical per-
mission from the local animal nights protection authorities and
followed the National Institutes of Health guidehines for the use
of laboratory animals.

After 3 days of acclimatization to the laboratory, 35 malc
Sprague-Dawley rats (weight: 250-300 g) were anesthetized with
intrapernitone¢al 1njections of ketamine (90 mg/kg body weight,
Ketavet; Pharmacia and Upjohn GmbH, Erlangen, Germany) and
xylazine (10 mg/kg body weight, Rompun; Bayer, Leverkusen,
Germany). Additional doses of ketamine and xylazinc were given
to maintain ancsthesia throughout the experiment. This anesthesia
was chosen because ketamine has been shown to depress the car-
diovascular and respiratory systems and deregulate capillary per-
fusion of skeletal muscie to a lesser extent than pentobarbital or
propofol (14).

Before surgical preparation, the rats underwent a tracheotomy
and were intubated to maintain open airways. A venous catheter
(0.58-mm inner diameter, polyethylene 50 [PE50}; Portex; Hythe,
Kent, England) was inserted through the right external jugular
veln 1nto the superior caval vein. The ascending aorta was cannu-
lated (PE50) through the right common carotid artery (PES50) to
measure the heart rate and arterial blood pressure. Body tcmper-
ature was maintained at 37°C with use of a temperature-controlled

heating pad. Systemic blood pressurc and heart rate werc moni-
tored with a digital blood-pressure analyzer (Digimed; Micro-med,
Louisvilie, Kentucky, U.S.A.).

Closed soft-tissuc damage to the anterolateral compartment
of the left hindlimb of the rat was induced with a moditfied
controlled-impact device. This location was selected for 1ts re-
semblance to the clinical situation of trauma to the lower extrem-
ities. The controlled-impact technique was initially developed as a
model of experimental traumatic brain injury in rats, reproducing
the pathophysiological and morphological responses of severc
closed head injury as found in humans (10,28). The controlled-
impact device consists of a compressed nitrogen gas source, an
adjustable impactor, a displacement transduccr, and a personal
compuler-assisted interfacc for data transmission and analysis of
timc/displacement parameters of the impact. Impact velocity was
7 m/sec, depth of deformation was 11 mm, impact duration was
100 milliseconds, and impact diameter was 11 mm. The left hind-
limb was positioned in a plastic mold (Technovit; Kulzer, Wert-
heim, Germany) shaped like the hindlimb to ensure optimal
energy transmission to the tissue by avoiding hindiimb movement
during the impact.

At the end of each observation period, the rat extensor digi-
torum longus muscle preparation, as described by Tyml and Bu-
dreau (52), was modified for in vivo microscopy of the skcletal
muscle tissue. The muscle was carefully exposed on its total length
by retraction of the overlying muscles and fascia. To retract neigh-
boring tissue and sccure the hindiimb i a flat position, sutures
were placed on the margin of the anterior tibialis and soleus mus-
cles. Thus, in vivo microscopic analysis of the microcirculation in
the entire extensor digitorum longus muscie was permitted, par-
ticularly in arcas remote from the central impact site. Throughout
the surgical procedure, the preparation was irrigated with physio-
logical saline solution to prevent drying. To minimize tissue de-
hydration and interference with ambient oxygen durnng in vivo
microscopy, the surface of the exposed muscle was covered with a
glass coverslip.

Experimental Groups and Protocol

Analysis of microcirculation did not begin until 20-30 minutes
after preparation. The rats were assigned to four experimental
eroups that differed by the time of analysis, 1.e., 1.5, 24, 72, or 120
hours after injury; sham-operated animals that were not injured
served as controls (n = 7 for all groups). Due to the short observa-
tion pcriod, rats from the control group and from the group ob-
served at 1.5 hours underwent a single anesthesia for implantation
of catheters, induction of closed soft-tissuc trauma, measurement of
tissue pressurc, and in vivo fluorescence microscopy. The rats from
the other experimental groups werc anesthetized for a brief time
for production of closed soft-tissue injury and were returned to their
cages and allowed to recover for 24, 72, or 120 hours. After the
recovery period, the rats were anesthetized again for measurement
of intramuscular pressure, surgical preparation, and subsequent
microvascular observations. After production of closed soft-tissue
injury and throughout the entirc observation penod, awake and
traumatized animals had full weight-bearing of the injured extrem-
ity and no obvious signs of pain or immobilization. In particular, no
changes in feeding or sleeping habits were observed.

Before the extensor digitorum longus muscle was surgically
prepared, the intramuscular pressure in the anterior and posterior
tibial compartments was mcasurcd with a microsensor catheter
(0.7-mm outside diameter, Codman microsensor; Johnson and
Johnson, Raynham, MA, U.S.A.) that was connected to a pressure
transducer. Without significant local hemorrhage, the skin and
fascia in thc middle of the anterolateral and posterolateral tibial
compartments were penetrated with a cannula (1.7-mm outside
diameter; Ohmeda, Helsingborg, Sweden). After the metal needle
was completely retracted, the microsensor was inserted through

I Orthop Res, Vol 17, No. 5, 1999
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FIG. 1. A: Functional capillary density (length of perfused capillaries per observation area; cm !) and B: microvascular permeability
(leakage of fluorescein isothiocyanate-labeled dextran, assessed densitometrically by the ratio of extravascular to intravascular fluores-
cence intensity) 1.5, 24, 72, and 120 hours after trauma. Hatched bars: experimental groups, n = 7 per time potint; open bars: controls, n =

7. Values are mean = SEM. *P < 0.05 compared with controls.

the outer plastic tube to the desired intramuscular position (8 mm
underneath the skin). Thereafter, the outer plastic-shielding tube
was withdrawn to guarantee that only tissue from the tibialis mus-
cle surrounded the tip of the microsensor during measurement of
tissue pressure.

For in vivo microscopy, the surface of the extensor digitorum
longus muscle was sequentially scanned from the distal to the prox-
imal part in approximately 2-mm steps with use of a computer-
assisted microscope stage equipped with a stepping motor (MC
2000; Merzhiuser, Miinchen, Germany). To reliably assess microcir-
culation in the muscle, microscopic images from at least eight ob-
servation areas in each muscle were recorded. Values obtained for
cach of these areas were averaged per animal.

The rats were killed at the end of the microscopic procedures,
and the left (injured) and right (not injured) extensor digitorum
longus muscles were harvested for determination of edema for-
mation by measurement of the ratio of wet to dry weight in the
muscle. Edema weight gain was assessed by calculating the edema
index (experimental/contralateral limb).

In Vivo Microscopy

The microvasculature of the extensor digitorum longus mus-
cle was investigated in epi-illumination (100-W mercury lamp)
through an in vivo microscope (Optiphot; Nikon, Tokyo, Japan)
equipped with a water-immersion objective (X20) and fluores-
cence filters for visualization of fluorescein 1sothiocyanate-labeled
dextran (450-490/>580 nm) and rhodamine (530-560/>580 nm).
With a final magnification of X940, microcirculatory images were
recorded for 60 seconds with use of a CCD video camera (FK
6990-1Q; Pieper, Schwerte, Germany) connected to an SVHS video
recorder (HR-S4700EG/E; JVC, Friedberg, Germany) and stored
on videotapes for off-line evaluation. Prior to microscopy, a single
bolus of fluorescein-isothiocyanate-labeled dextran (5%, 150,000
MW, 15 mg/kg body weight; Sigma Chemical, Deisenhofen, Ger-
many) and rhodamine 6G (0.1%, 0.15 mg/kg body weight; Sigma
Chemical) was injected intravenously to enhance the contrast of
the vascular network and to perform in vivo staining of leukocytes
(6,33,49). To minimize the phototoxic effects of the high-energy
light on the tissue, each observation period was limited to a max-
imum of 60 seconds (44,49).

Analysis of Microcirculation

Microvessel diameters, functional capillary density (total length
of perfused capillaries per observation area [cm/cm?]), and micro-
vascular permeability were determined by a computerized micro-
circulation image-analysis system (Cap Image; Zeintl, Heidelberg,
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Germany) (23,53). With use of a densitometric technique, macro-
molecular leakage was assessed in several fields per image and
expressed as the ratio of fluorescence to density selected from the
perivascular area to the corresponding intravascular area (plasma
gaps in the microvessels between erythrocytes) (22,23). Leukocyte-
endothelium interaction was quantified by counting the number
of rolling and permanently adherent leukocytes as well as the total
leukocyte flux along a 100-um venular segment. Rolling leukocytes
were defined as those moving along the vessel wall at a velocity
less than 40% that of leukocytes at the center line and were ex-
pressed as a percentage of the total leukocyte flux. Leukocyte
adherence was given as the number of leukocytes not moving or
detaching from the endothelial lining of the postcapillary vessel
wall during an observation period of 20 seconds; it was expressed
as cells/mm? of endothelial surface, calculated from the diameter
and length (100 um) of the microvessel segment and assuming
cylindrical geometry.

Statistics

Results are given as mean = SEM. One-way analysis of vari-
ance for independent samples and a Tukey-B test for multiple
comparison procedures with Bonferroni correction for multiple
measurements were used to compare differences in microvascu-
lar diameters, permeability, leukocyte rolling and sticking, intra-
muscular pressure, water content, and edema index between the
groups. Differences were significant at p < 0.05.

RESULTS

Macrohemodynamics

Mean arterial blood pressure generally ranged from
80 to 115 mm Hg and did not change significantly
during the course of the experiments 1n the diftferent
experimental groups compared with that 1in the con-
trols. Heart rate was in the range of 248-332 beats/min
and did not differ between groups. Although admin-
istration of fluorescein isothiocyanate-labeled dex-
tran has been reported to cause anaphylactic-like
responses in Sprague-Dawley rats, we did not observe
any of these changes. In particular, no cardiorespira-
tory distress, hypotcnsion, or inflammatory erythema
or edema of snout, cars, or paws was observed at any
time point during the study.
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TABLE 1. Leukocyte-endothelial cell interaction in
the extensor digitorum longus muscle of controls and
experimental rats at different time points (hours)
after closed soft-tissue injury

LLeukocyte rolling” Lcukocyte adherence®”

Control 21.3 £ 2.6 157.9 £ 25.1
1.5 38.9 + 3.1¢ 015.9 + 165.4¢
24 32.9 = 4.1°¢ 9047 + 125.3¢
72 45.6 = 1.0° 623.9 + 64.0
120 36.7 £ 1.7¢ 1,096.7 = 136.9¢

“ Percentage of total leukocyte flux.
P 1/mm? endothelial surface.

‘P < 0.05 compared with controls.
1P < 0.01 compared with controls.

Nutritive Capillary Perfusion

Closed soft-tissue injury resulted in a significant re-
duction in functional capillary density throughout the
120-hour observation period (Fig. 1A); it was maxi-
mally decreased 1.5-72 hours after the trauma. At the
core of the tissue damage, the reduction in functional
capillary density was predominantly related to a de-
cline in the number of perfused capillaries; in areas ot
the extensor digitorum longus muscle remote from the
central impact site, however, the reduction was mainly
caused by an increase in intercapillary distance. Also,
the marked decrease in functional capillary density
was associated with an increase in capillary diameter.
The capillary diameters measured at 1.5 (5.2 = 0.1
um) and 24 (5.7 = 0.7 um) hours were comparable
with control values (5.1 = 0.2 um). At 72 hours, the
capillary diameter (6.3 = 0.4 pm) was signmficantly
(p < 0.05) increased and remained dilated to 120 hours
after the trauma (5.7 = 0.3 um). Furthermore, these

A,B

effects were accompanied by a substantial loss of en-
dothelial integrity as assessed by macromolecular
leakage into the perivascular space (Fig. 1B). Micro-
vascular permeability was significantly increased at
1.5, 24, and 72 hours following trauma and was mosl
pronounced in the vicinity of postcapillary venules
(Fig. 2A).

Finally, closed soft-tissue injury characteristically 1n-
duced the occurrence of a transitional region sur-
rounding the core of the damaged zone. Besides
directly destroyed microvessels, total microvascular
perfusion failure with development of thrombosis,
narrowing and collapse of nutritive capillaries with
maximum microvessel leakage were found 1n the core
of the damage. The transitional zone, however, had
a heterogeneous perfusion pattern, consisting of a
patchwork of microvascular thrombosis and perfusion
failure in collapsed capillarics. Simultaneously, a wid-
ening of perfused microvessels accompanied by a sig-
nificant increase in macromolecular leakage (Fig. 2A)
and microvascular adherence of leukocytes (Fig. 2B)
was observed.

Leukocyte-Endothelial Cell Interaction

Trauma-induced inflammatory responses were char-
acterized by a statistically significant microvascular
leukocyte-endothelial cell interaction. L.eukocyte roll-
ing was significantly increased at all time points of
analysis after closed soft-tissue injury when compared
with control values (Table 1). Microscopic analysis
revealed a significant increase in firm leukocyte ad-
herence 1.5, 24, and 120 hours after injury (Table 1).
Increased microvascular rolling and adherence of leu-
kocytes seemed primarily restricted to the endothe-
lium of postcapillary venules. In particular, venules

FIG. 2. Simultaneous in vivo microscopic visualization of perfused (arrow) and thrombotic (double arrow) postcapillary venules at the
interface adjacent to the site of maximum damage 24 hours after closed soft-tissue injury was induced in the extensor digitorum longus
muscle. A: Fluorescein isothiocyanate-labeled dextran was used as an intravascular marker, and B: rhodamine 6G was used for in vivo
staining of leukocytes (X940). A: Leakage of fluorescently labeled macromolecules (fluorescein isothiocyanate-labeled-dextran, 150,000
MW) into the extravascular space was increased, indicative of a loss of endothelial integrty. B: Simultaneously, the posttraumatic
interaction of fluorescently (thodamine 6G) stained leukocytes with the endothelium of identical microvesscl segments was enhanced, as
visualized by the increased number of leukocytes (arrow) rolling along and adhering to the postcapillary endothelial lining.

J Orthop Res, Vol. 17, No. 5, 1999
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TABLE 2. Intramuscular pressure and edema formation in controls and experimental rats at different time points (hours)

Intramuscular pressurc (mm Hg)

EDL water content (%)

Edema

Anterior Postcrior Left Right index?
Control 72 + 0.4 5.5 + 0.7 77.3 + 0.3 76.9 = 0.5 1.01 + 0.03
1.5 20.4 + 155c4 7.9 = 1.0¢ 79.2 = 0.5¢ 76.2 + 0.5 1.16 = 0.02°
24 25.4 + 1.3 16,1 = 2.17 78.7 + 0.4¢ 76.3 + 0.5 1.13 + 0.03°
72 19.9 + 0.6 114 = 1.7° 79.7 £ 0.4¢ 76.4 = 0.2 1.17 = 0.03%
120 13.6 = 0.8¢ 8.8 + (.&¢ 79.5 + 0.3¢ 76.8 = 0.3 1.16 = 0.01°

Intramuscular pressurc was measured in the anterior and posterior compartments of the hindlimbs; edema formation was calculated
in the left and right (experimental and contralateral) hindlimbs. Values are mean = SEM. EDL = cxtensor digitorum longus muscle.

“Calculated by the ratio of wet to dry weight in the experimental compared with contralateral limb.

*P < 0.05 compared with controls.
‘P < 0.05 compared with hindlimbs analyzed at 24 hours.
4P < 0.05 compared with hindlimbs analyzed at 120 hours.

*P < 0.01 compared with thec contralateral (not injured, right hindlimb) muscle.

surrounding the core of the central damaged zone
(original impact site) had impressive leukocyte accu-
mulation duc to enhancement of leukocyte rolling and
adhesion (Fig. 2B). Leukocyte plugging of the cap-
lllary network was not observed in this transitional
zone or 1n nonperfused microvessels at the core of the
damage.

Intramuscular Pressure

Tissue pressure after closed soft-tissue injury in
the anterior tibial compartment was significantly in-
creased at all time points when compared with control
values (Table 2). Tissue pressure never exceeded 30
mm Hg, despite a distinct variability within the com-
partment. Remote from the anterior impact site, intra-
muscular pressure in the posterior compartment was
less pronounced but reached its maximum at the same
time as in the anterior compartment (Table 2). Even
5 days after closed soft-tissue injury, intramuscular
pressure 1n the anterior and posterior compartments
increased by approximately 2-fold in comparison with
baseline values in the controls.

Edema Formation

Edema formation increased significantly in all ex-
perimental groups compared with control values. In
contrast to the time¢ course of tissuc pressure, the
cdema 1ndex exhibited peak levels 1.5 and 72 hours
after the trauma (Table 2). The water content of the
sham-operated extensor digitorum longus muscle in
the control rats did not differ significantly (p = 0.6; ¢
test) {from that of the contralateral muscle in the in-
jured animals. These findings indicate that closed soft-
tissue 1injury did not influence edema formation in the
contralateral extensor digitorum longus muscle.

DISCUSSION

Most recent microcirculatory investigations in stri-
ated muscle havc focused on characterizing the micro-
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vascular responsc after focal ischemia and reperfusion
(1,5,13,31-33,35,41). The precise role of inflamma-
tion and microvascular dysfunction induced by severe
trauma 1n a skelctal muscle of the locomotor system
remains to be assessed, probably due to the lack of an
appropriate and valid modcl. A new animal model of
standardized closcd soft-tissue injury was developed
to directly address the clinically important issue of
whether microcirculatory changes combined with 1n-
creased leukocyte recruitment are responsible for the
progressive course of closed soft-tissue damage. By
means ol in vivo {luorescence microscopy, posttrau-
matic microcirculation in skcletal muscle was shown
to be characterized by a drastic and long-lasting de-
crease 1n capillary perfusion, which 1s accompanied by
a marked incrcasc 1n leukocyte-endothelium interac-
tion and microvascular leakagc.

Model

By usc of a computer-assisted modificd controlled-
impact techniquce with known and measurable me-
chanical variables and loading parameters, this animal
modecl can be used to accurately inducc standardized
closed soft-tissue 1njury in a skeletal muscle of the lo-
comotor system. We assumed that the responsc to 1n-
jury 1n the extensor digitorum longus muscle of the rat
resembles and reproduces clinical features of severe
closcd soft-tissue injury in humans as found 1n high-
energy/velocily trauma.

Numerous reports describing animal modcls for
the study of muscle contusion have been published
(8,12,18,30,51). These studies demonstrated impair-
ment of contractile function and changes 1n functional
recovery and histology following muscle contusion (8)
and tested the efficacy of immobilization (18) and
anti-inflammatory medication (12). Soft-tissuc trauma
was induccd in these models by insertion of forceps
through a skin incision (crush injury), employment of
a spring hammer (18), or usc of thc drop-mass tech-



CLOSED SOFT-TISSUE INJURY 683

nique (8, 51). These studies, using different models
and encrgy levels, were restricted to mild and moder-
atc muscle contusion. Therefore, modification of the
controlled-impact technique (10) provides a complce-
mentary and clinically relevant cxperimental mode] ot
standardized closed soft-tissuc injury caused by high-
velocity trauma. The technique allows simulation ot
the clinical situation of high-cnergy/velocity 1injury to
the extremities. Furthermore, the observed microcir-
culatory changes can be related to clinical fcatures
following severe blunt trauma to skeletal muscles of
the locomotor system. As a restrictive condition, how-
ever, application of the model involves anesthetized
animals. Possible microcirculatory changes caused by
anesthetic drugs should thereforc be considered: hal-
othanc and sevoflurane induce leukocyte rolling and
adherence (39), fentanyl increascs leukocyte rolling
(17), midazolam and thiopental depress neutrophil
functions (40), and ketamine can cause shight venular
vasospasm (51).

Because of the total breakdown and occlusion ot
the intracompartmental microvasculature associated
with compartment syndrome (3,7,15,21,46,50), dy-
namic and repetitive analysis of microcirculation 1s
impossible. Therefore, impact parameters were se-
lected to reliably exclude development of compart-
ment syndrome. Nevertheless, the present model of
severe closed soft-tissue injury should lead to con-
ditions that precede compartment syndrome. This,
in turn, facilitates in vivo analysis of posttraumatic
microcirculatory changes and cellular interactions
to a degree that lies just at the threshold of critical
tissue pressure. If microvascular pathways preced-
ing the transition to compartment syndrome can be
identified and subsequently blocked (e.g., pharma-
cologically), tissue damaged by rcactions secondary
to trauma/ischemia can perhaps be rescued. Conse-
quently, this model appears to provide essential 1n-
sight into the microcirculatory mechanisms regulating
these pathways and into testing promising new thera-
pcutic interventions.

In Vivo Microscopy

In vivo microscopy demonstrated for the first time
that the damaging effects of closed soft-tissue 1njury
rcsulted in a substantial and sustained (as long as 5
days) impairment of nutritive perfusion, as indicated
by a significant rcduction in functional capillary den-
sity. This prolonged reduction of functional capillary
density, together with a delayed peak level of micro-
vascular permeability in the entire extensor digitorum
longus muscle, suggests the involvement of mecha-
nisms other than the direct tissuc destruction caused
instantancously by the impact itself. The changes 1n
microvascular function as early as 1.5 hours after the
trauma probably occurred in responsc to a widc range

of stimuli, including traumatically induced nflamma-
tory reactions. Among the many factors lcading to
ultimate posttraumatic tissue damagc, ischemia due to
the microvessel trauma rcpresents the most likely and
decisive trigger.

The core of the damaged tissue was characterized
by total microvascular perfusion failure combined with
maximum microvascular leakage. Thesc 1nitial alter-
ations, traditionally considered indicative of endothe-
lial dysfunction (9,43), suggest an active participation
of damaged endothelium. Thercfore, endothehal cell
injury leading to exposure of sub-endothehal collagen
and disturbance of transcapillary fluid balance may
form thc cellular basis for these carly posttraumatic
microvascular changes.

Trauma-induced microcirculatory deterioration re-
quires time to develop, as indicated by the maximally
decrcased functional capillary density and maximally
increased microvascular leakage found at 24 hours. In
addition, the persistence of thesc microcirculatory dis-
orders (as long as 5 days after trauma) indicates that
traumatically induced changes of the microcircula-
tion are long-lasting, implying that some factors act
to maintain microcirculatory impairment. The prolon-
gation of impaired microcirculation probably reflects
trauma-induced nonspecific inflammatory reactions,
particularly within the tissue surrounding the origi-
nal impact site. Local tissue destruction after closed
soft-tissue injury ultimately leads to local bleeding
due to vessel trauma. Hemorrhage into the tissue ex-
poses the surrounding microenvironment to many
blood-derived growth factors and pro-inflammatory
cytokines, which can induce rapid expression of vari-
ous adhesion molecules (6,29,34) as well as attract
leukocytes (16,24,47). In this way, a neutrophilic che-
motactic gradient may be cstablished immediately
after trauma. This pathway of excessive neutrophil
sequestration secondary to closed soft-tissue injury
is strongly supported by the observation that the
closed soft-tissue injury induced a striking inflamma-
tory response as early as 1.5 hours after the trauma,
which was primarily restricted to the endothehal lin-
ing of postcapillary venules. The fact that enhanced
leukocyte-endothelial cell interactions, coupled with
incrcased microvascular permeability of identical ves-
sel segments, were most pronounced within the imme-
diate vicinity of the core of the damaged zone suggcsts
the central rolc of leukocyte activity in the develop-
ment of progressive tissuc damage following closed
soft-tissue injury. The consistent {inding of increased
and sustained posttraumatic leukocyte rolling and
sticking, which closcly paralleled the increased micro-
vascular lcakage and tissuc damage, raises the ques-
tion of whether tissue destruction by leukocytes 1s the
cffect, or rather the cause, of aggressive tissue death
following severe closed soft-tissue injury. Under the
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chosen study design, however, cause and effect cannot
be differentiated. Rather, it seems likely that direct
response to the trauma and posttraumatic inflamma-
tory reactions are closely linked, and probably over-
lapping, changes.

The present data on capillary diameters following
closed soft-tissue injury are in agreement with the
findings of Rubinstein et al., who showed that crushed
skeletal muscle was characterized by extreme capil-
lary vasodilation 4 days after injury, as demonstrated
by histology and capillary morphometry (48). This
phenomenon has been attributed to increased levels
of mitric oxide (38) due to a selective induction of
nitric oxide synthase.

Finally, a clinically relevant finding was that the
closed soft-tissue injury characteristically resulted in
the formation of a heterogeneously perfused tran-
sitional zone surrounding a nonperfused center of
maximally damaged skeletal muscle. Posttraumatic
microcirculatory alterations in this transitional zone
displayed some features reminiscent of microvascular
changes classically viewed as hallmarks of ischemia-
reperfusion injury (1,2,19,32,33,35). This similarity
suggests that damage secondary to closed soft-tissue
injury and development of ischemia-reperfusion in-
jury may, in part, share identical pathways in the
progression of microvascular injury, which in turn
causes ultimate tissue death. However, in contrast to
1schemia-reperfusion injury, in which microvascular
injury precedes parenchymal damage, destruction of
vascular and parenchymal cells is induced simulta-
neously in closed soft-tissue injury.

Intramuscular Pressure

To rule out the possibility that closed soft-tissue
injury resulted in a compartment syndrome that is a
different entity, intramuscular pressure was measured
In the anterior and posterior tibial compartments of
the rat hindlimb. In addition, measuring tissue pres-
sure indirectly verified that the extent and severity of
closed soft-tissue injury were equally induced in all
rats. Intramuscular pressure varied little between the
different groups (Table 2), indicating the necessity for
standardization of the closed soft-tissue injury by
means of the controlled-impact technique. The ecle-
vated intracompartmental pressure was probably ini-
tiated by increased vascular leakage caused by the
trauma. This 1s substantiated by the fact that peak
levels of intracompartmental pressure coincided with
the maximally increased microvascular permeability
24 and 72 hours following closed soft-tissue injury.
Delayed increase in posterior intramuscular pressure
following anterior impact reflects the clinical experi-
ence: 1n skeletal muscles enclosed by a tight fascial
sheath, trauma-induced increase in intracompartmen-
tal pressure affects tissue pressure and consequently
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tissue viability in neighboring compartments (15,46).

Edema Formation

As an additional marker of muscle injury, edema
welght gain of the damaged muscle was determined.
In contrast to the peak level of microvascular per-
meability and tissue pressure, the edema index was
maximally increased at 72 hours. By increasing the
intercapillary distance, the interstitial edema appears
to partially underlie the decline of functional capillary
density, which was persistently pronounced at the
same time. Therefore, the edema weight gain further
supports the finding that microvascular response to
closed soft-tissue injury is substantially prolonged.

Conclusion

The approach of the present study offers three new
aspects. First, a standardized model for induction of
closed soft-tissue damage was developed, which closely
reproduces characteristics observed clinically in pa-
tients suffering from a high-energy trauma. Second,
this model permits direct visualization and quantifi-
cation of posttraumatic microvascular perfusion and
allows assessment of local and temporal relationships
between microvascular parameters. Third, the model
enables the testing of various potentially beneficial
therapeutic regimens. On the basis of our findings,
prolonged propagation of tissue damage following
closed soft-tissue injury may be caused by progressive
microvascular perfusion failure in combination with a
delayed increase in microvascular leakage and persist-
ently enhanced leukocyte-endothelial cell interaction.
Thus, our observations offer a clue to delineate the
microvascular trigger mechanisms that precede the
escalation and end stage of closed soft-tissue injury.
Clinical management of closed soft-tissue injury aimed
at preservation of the tissue should consider improve-
ment of microvascular perfusion and inhibition of leu-
kocyte-mediated tissue injury. Our current efforts are
directed toward testing this concept.
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3.1.2 Der Einfluss des isolierten Weichteilschadens auf die periostale

Mikrozirkulation

Obgleich zahlreiche Untersuchungen in verschiedenen Spezies die Mikrozirkulation
des kortikalen Knochens nach Verletzung in vivo untersuchten und zum Teil auch
quantifizierten (78) und direkt visualisierten (94, 197), fehlen ahnliche
Untersuchungen fur das Periost. So ist es im Einzelnen unbekannt, wie und in
welchem Ausmall und Zeitraum ein isolierter Weichteilschaden zu einer
mikrovaskularen Dysfunktion des Periostes flhrt. Nachfolgende tierexperimentelle
Studien wurden daher geplant mit dem Ziel, eine genaue quantitative Analyse der
periostalen Mikrozirkulationsstorungen nach geschlossener Weichteilschadigung
durchzufuhren, um deren kausale Bedeutung flur eine reduzierte ossare-kortikale
Durchblutung und damit potentiell verzdgerte Frakturheilung herauszustellen.
Ferner sollten diese mikrovaskularen Veranderungen auf Ebene des Periostes
auch in ihrer zeitlichen Dynamik sowohl zu den fruhen (2h, 24h, und 48h) als auch
zu den spateren Zeitpunkten (1, 3 und 6 Wochen) nach geschlossenem
Weichteiltrauma analysiert und mit der Schwere der traumatischen
Weichteilschadigung (Kompartmentdruck) und Entzindungsreaktion
(Leukozytenadharenz) korreliert werden.

Diese Studien =zeigten, dass bereits ein isolierter schwerer geschlossener
Weichteilschaden ohne gleichzeitige Fraktur mit einer lang anhaltenden
Dysfunktion der periostalen Mikrozirkulation und damit ossaren Durchblutung
vergesellschaftet ist (152). Daruber hinaus zeigten sich funktionelle
Zusammenhange zwischen der Hohe des posttraumatisch gesteigerten
Kompartmentdruckes und dem Ausmal® der assoziierten periostalen

Entzindungsreaktion (endotheliale Leukozytenadharenz) (152).
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MUSCULOSKELETAL SOFT TISSUE CONDITIONING

Temporal profile of microvascular disturbances
in rat tibial periosteum following closed soft

tissue trauma

Abstract Background and aims:
Bone devascularization due to im-
paired periosteal perfusion following
fracture with severe soft tissue trau-
ma has been proposed to precede and
underlie perturbed bone healing. The
extent and temporal relationship of
periosteal microcirculatory deteriora-
tions after severe closed soft tissue
injury (CSTI) are not known. We
hypothesized that periosteal micro-
circulation is adversely affected and
the manifestation of trauma-initiated
microvascular impairment in perios-
teum is substantially prolonged fol-
lowing CSTI. Material and methods:
Using the controlled-impact injury
device, we induced standardized
CSTI in the tibial compartment of 35
isoflurane-anesthetized rats. Follow-
ing the trauma the rats were assigned
to five groups, differing in time of
analysis (2 h, 24 h, 48 h, 1 and 6
weeks). Non-injured rats served as
controls. Before the metaphyseal/di-
aphyseal periosteum was surgically
exposed, intramuscular pressure
within tibial compartment was mea-
sured. Using intravital fluorescence
microscopy (IVM) we studied the
microcirculation of the tibial perios-
teum. We calculated the edema index
(EI) by measuring the skeletal muscle
wet-to-dry weight ratio (EI = injured
limb/contralateral limb). Results:
Microvascular deteriorations of peri-

osteal microhemodynamics caused by
isolated CSTI were reflected by per-
sistent decrease in nutritive perfusion,
markedly prolonged increase in mi-
crovascular permeability associated
with increasingly sustained leukocyte
rolling and adherence throughout the
entire study period, mostly pro-
nounced 48 h after the trauma. Peak
level in capillary leakage coincided
with the maximum leukocyte adher-
ence, tissue pressure, and edema.
Microcirculation of tibial periosteum
in control rats demonstrated a homo-
geneous perfusion with no capillary
or endothelial dysfunction.
Conclusion: Isolated CSTI in absence
of a fracture exerts long-lasting dis-
turbances in periosteal microcircula-
tion, suggesting a delayed temporal
profile in manifestation of CSTI-
induced periosteal microvascular
dysfunction and inflammation. These
observations may have therapeutic
implications in terms of preserving
periosteal integrity and considering
the interaction of skeletal muscle
damage and periosteal microvascular
injury during management of mus-
culoskeletal trauma.

Keywords Periosteum - Closed soft
tissue trauma - Intravital fluorescence
microscopy - Microcirculation -
Leukocyte—endothelial cell
interaction
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Introduction

Apart from its biological relevance, such as containing
precursor cells of osteoblasts [1], another principal
function of the periosteum and its microvasculature is to
supply oxygenated blood and nutrients to the cortical
bone [2, 3, 4]. In addition, extensive characterization of
initial stages in fracture healing has identified the
periosteum as the key structure for initiating and medi-
ating the very first steps of fracture healing. Among
others, these may include hemostasis, generation and
resorption of the fracture hematoma, migration of osteo-
blast and chondroblast precursor cells, formation of
periosteal callus and remodeling, and revascularization
of the injured bone [1, 5]. The trigger event of this healing
cascade is the periosteal microvascular trauma, which
subsequently causes ischemia, inflammation, and nutri-
tive dysfunction. The pathogenetic influence of trauma-
induced cellular and microvascular changes in the peri-
osteum is underlined by the clinical observation that
extensive soft tissue injury and periosteal stripping
typically precedes delayed fracture repair and frequently
results in a non-union or manifest pseudarthrosis [6, 7, 8,
9, 10]. Despite this critical decrease in extra-osseous
nutritional blood flow to the bone, which appears to be a
causative factor, the precise extent and temporal relation-
ship of microcirculatory deteriorations and post-traumatic
inflammation in periosteum caused by isolated and severe
closed soft tissue injury (CSTI) is not known. Therefore,
we hypothesized that in the absence of a fracture the
periosteal microcirculation is adversely affected by a
severe CSTI. We further hypothesized that, consistent
with the delayed healing response of fractures with severe
soft tissue damage, the manifestation of trauma-initiated
microvascular impairment is substantially prolonged, and
is caused by persistently enhanced capillary and endo-
thelial dysfunction, and increased microvascular perme-
ability and leukocyte activity in the periosteum.

Material and methods
Animal preparation and closed soft tissue injury

Following approval of the experimental protocol by the local
committee of animal research, 35 spontaneously breathing male SD
rats were anesthetized with isoflurane (1.6 vol%) in a 2:1 mixture
of N,O/O, (0.4 and 0.2 1/min). Body temperature was measured
with a rectal probe and maintained between 37° and 38°C by the
animals’ being placed on a homoeothermic-heating pad. The right
carotid artery and jugular vein were cannulated with PE catheters
(PES0, 0.58 mm inner diameter, Portex, Hythe, Kent, UK) for the
monitoring of mean arterial blood pressure (MABP) and heart rate
(HR) and intravenous administration of fluorescence dyes.

With the animal’s left hind limb fixed in a specifically shaped
mold we induced the standardized CSTI in the antero-lateral tibial
compartment, using the computer-assisted controlled-impact injury
(CII) device (penetration depth 11 mm; velocity 7 m/s; contact time
0.1 s) and keeping the skin intact [11]. For intravital fluorescence

microscopic observations the metaphyseal and diaphyseal perios-
teum was surgically prepared, modified to a technique previously
described [12].

Experiment protocol

Following the trauma the rats were assigned to five groups (n=7)
differing in time of analysis (2 h, 24 h, 48 h, 1 and 6 weeks after the
trauma). Non-injured, sham-operated rats served as controls (n=7).
Before the tibial periosteum was surgically exposed, the intramus-
cular pressure within the antero-lateral and posterolateral tibial
compartment (8 mm beneath the skin surface) was measured
percutaneously (45 min post-trauma) during the first week after
CSTI with a microsensor catheter (0.7 mm outside diameter,
CODMAN microsensor, Johnson & Johnson Professional, Rayn-
ham, Mass., USA). After a stabilization period of 15 min, values for
macrohemodynamics were collected and the tibial periosteum was
then sequentially scanned from proximal (metaphyseal) to distal
(mid-diaphyseal) part in 1.5-mm increments by intravital fluores-
cence microscopy to allow microcirculatory images for nutritive
capillaries and post-capillary venules to be recorded. Microcircu-
latory recordings for nutritive capillaries and post-capillary venules
of at least six video-frames of each tibial periosteum were taken,
and values were averaged per animal.

At completion of each experiment the animals were killed and
the extensor digitorum longus muscle muscles of both hind limbs
were removed for gravimetrical determination of edema weight
gain.

Intravital fluorescence microscopy

For visualization of the periosteal microcirculation an intravital
fluorescence microscope (Axiotech Vario, Carl Zeiss, Goettingen,
Germany) equipped with a water-immersion objective (Achroplan,
%20, Carl Zeiss) was used. The tibial periosteum surface was epi-
illuminated by a high-pressure mercury lamp (100 W), and
fluorescence emission of fluorescein-isothiocyanate (FITC)-dextran
(450—490 nm/>580 nm) and rhodamine (530-560 nm/>580 nm)
was detected by means of an appropriate filter system. Microcir-
culatory images were recorded by a CCD-video-camera (FK 6990-
1Q, Pieper, Schwerte, Germany) and transferred to an SVHS-video-
recorder (HR-S4700EG/E, JVC, Friedberg, Germany) for off-line
analysis. The final magnification on the video-screen was 405-fold.

For contrast enhancement of the microvascular network and for
in vivo staining of leukocytes a single bolus of FITC-labeled
dextran (5%, 150,000 mol. wt; 15 mg/kg body wt; Sigma Chemical,
Deisenhofen, Germany) and rhodamine 6G (0.1%, 0.15 mg/kg body
wt.; Sigma Chemical) were injected intravenously [13, 14]. For
prevention of phototoxic effects the duration of continuous light
exposure per observation area was limited to 60 s at maximum [15,
16].

Microcirculatory analysis

The video-taped microcirculatory images were analyzed off-line for
microvessel diameters, functional capillary density (FCD), micro-
vascular permeability (macromolecular leakage), and red blood cell
velocity (Vgrpc) by a computerized microcirculation image-analysis
system [17, 18]. FCD was quantified by the length of FITC-
dextran-perfused capillaries per observation area (per centimeter).
Microvascular permeability (macromolecular leakage) is expressed
as the ratio of fluorescence intensity, selected from perivascular
area, to the corresponding intravascular area (plasma gaps between
erythrocytes). The centerline red blood cell velocity (Vrpc-centerline)
in capillaries and venules of skeletal muscle was determined by
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means of a PC-associated image-analysis system [17, 18]. The
number of rolling and adherent leukocytes and the total leukocyte
flux was counted for 30 s along a 100-um vessel segment.
Leukocyte rolling was defined as slow passage of leukocytes
rolling along the vessel wall with a velocity less than 40% of
centerline velocity [19] and expressed in percent of rolling cells to
total leukocyte flux [20]. Adherence of leukocytes was defined by
non-moving leukocytes firmly contacting the endothelium of post-
capillary venules for at least 20 s. With the assumption of
cylindrical microvessel geometry, leukocyte adherence was ex-
pressed as the number of permanently adherent leukocytes per
endothelial surface (cells per square millimeter), calculated from
the diameter and length (100 um) of the venular segment being
analyzed.

Quantification of edema formation (edema weight gain)

During the first week following the trauma, the formation of
skeletal muscle edema was assessed gravimetrically by measure-
ment of the wet-to-dry-weight ratio of the left (traumatized) and
contralateral (non-injured) extensor digitorum longus (EDL) mus-
cle [edema index (EI) = left EDL/contralateral EDL]. After
determination of wet weight, EDL muscles were dried for 24 h in
a laboratory oven (80°C) and weighed again so that the dry weight
could be assessed.

Statistics

Data were analyzed by a repeated-measures analysis for six groups
as previously described [21]. After passing the normality test
(Kolmogorov—Smirnov) differences between groups were tested by
ANOVA for independent samples followed by post-hoc analysis
using Bonferroni-correction for multiple comparisons. To assess
the correlation between leukocyte adherence and microvascular
permeability and intramuscular pressure we used linear regression
analysis. Statistical significance was set at P<0.05.

Results

Systemic hemodynamics and intramuscular pressure

In all investigated groups, HR and MABP remained
unchanged and within normal limits (Table 1). Anaphy-
lactic-like responses to FITC-labeled dextran were not
observed in any of the rats. CSTI significantly increased
intramuscular pressure (P;,) within the anterior and
posterior compartment, which persisted to 1 week when
compared with that of non-injured controls (Table 2). Due
to the antero-lateral impact this increase in Pj;, was more
pronounced in the anterior compartment. Throughout the
entire study period the P;, did not exceed a critical
threshold of 30 mmHg, which would be indicative of
manifest compartment syndrome under normal MABP.

Periosteal microcirculation

Microcirculation of metaphyseal and diaphyseal tibial
periosteum in non-injured rats demonstrated homogene-
ous perfusion with no significant capillary or endothelial
dysfunction. Microvascular deterioration of periosteal
microhemodynamics caused by isolated CSTI was re-
flected by a persistent decrease in nutritive perfusion.
Over time, FCD determined by intravital microscopy was
significantly decreased throughout the entire study period
(Fig. 1a). This decrease was most pronounced during the
first 2 days after the trauma, followed by a reversible
increase at 1 week after CSTI, which, however, remained
significantly decreased when compared with control
values. Parallel to markedly reduced FCD, CSTI signif-
icantly reduced capillary red blood cell velocity (RBCV)
at 2, 24 and 48 h after injury, whereas RBCV in post-

Table 1 MABP, microvascular

diameters. volumetric blood Group MA]%’ Diameter (um) VBF (pl/s) RBCV (um/s)
flow (VBF) and RBCV in cap- (mmHg) Capillary  Venule Capillary Venule Capillary  Venule
illaries and venules of tibial
periosteum at 2 h, 24 h, 48 h, Control/sham  82+4 10£1 30+3 164 97+29 219119 166132a
and 1 and 6 weeks fo]lowing 2h 9245 1243 32+1 13+3 188+83 127+2 . 140+19
closed soft tissue injury (mean 24 h 84+5 11£3 33+7 17£7 91£34  160£17 158+18
+ SD) 48 h 88+5 10+4 37+5 14+4 129452 136+25° 150+63
1 week 87+4 10+2 37+4 14+5 11658 18635 167+10
6 weeks 91+£7 10£2 36+5 16£3 178+50  202+17 180+9
“ANOVA and post-hoc Bonferroni analysis: P<0.05 vs control
Faple rr?us];llfan—ewca(;grm(?ogfeiitmén 4 Group Control 2h 24 h 48 h 1 week
edema formation (EI) following Py, ant (mmHg) 7.420.4°  243+22%0  245+1.8%°  22.1+1.9%0  [3.4x2.3¢
closed soft tissue injury (mean  P;, post (mmHg) 5.3+0.7 15.8+3.5 17.4x1.7 15.1+1.4 7.9+1.9
+ SD) H,0 content of EDL (%) 74.8+0.03 79.1£2.3% 80.4+3.6% 79.2+3.6" 78.9+2.0
EI (ratio) 1.03+0.03 1.11£0.13 1.20+0.13% 1.20+0.21* 1.06+0.17

“ANOVA and post-hoc Bonferroni analysis: P<0.05 vs control
YANOVA and post-hoc Bonferroni analysis: P<0.05 vs Py, post
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Fig. 1a, b Changes in capillary perfusion and trans-endothelial
leakage in response to closed soft tissue trauma. a FCD [length of
erythrocyte-perfused capillaries per observation area (per centime-
ter)]; b microvascular permeability (capillary macromolecular
leakage of FITC-dextran, analyzed densitometrically by the ratio
of extravascular to intravascular fluorescence intensity) in the tibial
periosteum in control (non-injured) animals (n=7, hatched bar) and
at 2, 24, and 48 h, and 1 and 6 weeks (w) following the trauma (n=7
per time point, open bars). Values are means + SD, ANOVA for
independent samples followed by post-hoc analysis and Bonferroni
correction for multiple comparison procedures. *P<0.05 vs control
(sham)

capillary venules was significantly decreased only at 2 h
following CSTI (Table 1). These disturbances in nutri-
tional capillary blood flow were accompanied by a
reversible and markedly prolonged increase in trans-
endothelial leakage (microvascular permeability) during
the first week following CSTI, nearly reaching pre-injury
values at 6 weeks following CSTI (Fig. 1b). The
volumetric blood flow in capillaries showed a consider-
able variation (see standard deviations in Table 1). In
particular, at 2 h post-trauma the capillary and venular
blood flow volume displayed a diametric behavior with
decreased values in capillaries, while the venular blood
flow increased. Over time, however, neither the capillary

® 60

g *

S~ * T

% >:< 50 *

o% T T 1

23 w0 T *

=0 L

£3 T
-*g% 30 T l
Tl

2% /

RS 10 4 /

g /

a sham 2h 24h 48h 1w 6w
g 900

‘Z" 800 ?

2~

> 8 T

2 g 7004 *

55 %* *

£ 9 6004 T

%= T

e 1 T 1

3D 5004 T

20

©T 400+ -
%NZ 300 -
S E -

T3 2001 P

TR

é 100 /

5 7

2 { r T . r r
b sham 2h 24h 48h 1w 6w

Fig. 2a, b Leukocyte—endothelial cell interaction in post-capillary
venules of tibial periosteum in control (non-injured, sham-operated)
animals (n=7, hatched bar) and at 2, 24, and 48 h, and 1 and 6
weeks (w) following closed soft tissue trauma (n=7 per time point,
open bars). a Number of rolling leukocytes in percent of total
leukocyte flux. b Number of adherent leukocytes per square
millimeter of endothelial surface. Values are means + SD, ANOVA
for independent samples followed by post hoc analysis and
Bonferroni correction for multiple comparison procedures.
*P<0.05 vs control (sham)

nor the venular volumetric blood flow demonstrated
significant changes.

Leukocyte—endothelial cell interaction

The changes in trans-endothelial fluid balance were
furthermore associated with an increased leukocyte—
endothelial cell interaction, mostly pronounced during
the first 48 h following CSTI (Fig. 2). The percentage of
leukocytes displaying loose contact by rolling along the
microvascular endothelium of post-capillary venules was
steadily increased up to 1 week, followed by a decrease at
6 weeks, nearly reaching baseline values in non-injured
control animals (Fig. 2a). Permanent leukocyte adher-
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Fig. 3a, b Regression analysis between number of permanently
adherent leukocytes and values of (a) Pj,, within the anterior tibial
compartment and (b) microvascular permeability. Values are given
as mean = SD, obtained at baseline (non-injured sham-operated
rats) and at 2, 24, and 48 h, and 1 and 6 weeks (not for P;;) post-
injury. Dotted lines rtepresent 95% confidence intervals. R’
coefficient of determination

ence, i.e., the number of leukocytes that exhibited firm
endothelial contact in post-capillary venules, was increas-
ingly sustained at 2 h and 24 h after CSTIL, by 3-times
when compared to that in the non-injured control animals.
After 48 h permanent leukocyte adherence was reduced
but remained significantly elevated up to 1 week after
CSTI (Fig. 2b).

Skeletal muscle edema formation and water content

CSTI significantly increased the formation of skeletal
muscle edema at 24 and 48 h, when compared with that of
the control animals, as reflected by gravimetric analysis
of the post-traumatic EDL muscle-water content and
calculation of the EI. After 1 week the EI decreased
significantly, nearly reaching the level of controls at 6
weeks after injury.

Regression of leukocyte adherence on microvascular
permeability and tissue pressure

Regression analysis between the number of permanently
adherent leukocytes and microvascular permeability as
well as Pj, in the antero-lateral tibial compartment
revealed a positive functional relationship, with an R?
of 0.43 and 0.67, respectively (Fig. 3).

Discussion

These results show that isolated closed soft tissue trauma
causes a persistent decrease in periosteal and consecutive
osseous nutritive perfusion in the absence of additional
injury to the bone. These capillary derangements were
accompanied by a significant increase in periosteal
microvascular permeability, leukocyte adherence, tissue
pressure, and edema formation. The time course of
developing deterioration in periosteal microhemodynam-
ics following CSTI suggests a prolonged and delayed
temporal profile in manifestation of periosteal capillary
dysfunction, endothelial disintegration, and inflammation.

Several studies have investigated the effect of soft
tissue trauma on cellular periosteal response [22], skeletal
muscle perfusion [11], and fracture healing [10]. To date,
however, direct studies aiming to visualize and quantita-
tively analyze periosteal microcirculation following CSTI
are missing. In previous studies the extent of periosteal
contribution to diaphyseal/metaphyseal bone circulation
is controversially discussed [3, 23, 24]. However, there is
clear consensus in view of the periosteal microvasculature
as the source for supply and exchange of oxygenated
blood, nutrients, and metabolites to the osteogenic cells of
the periosteal cambium layer and the cortical bone [3, 4].
Therefore, periosteal microvascular injury in terms of
microvascular disruption, post-ischemic capillary “no
reflow” phenomenon, and trauma-induced inflammation
seems to be one initial key event in the pathophysiology
of injury to the bone, i.e., fracture [25]. The present data
suggest that similar microvascular deterioration in the
periosteum also occurs in response to isolated CSTI
without a concomitant fracture, as profound capillary and
endothelial dysfunction in conjunction with progressive
leukocyte activation have typically been observed. Clin-
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ical [26] and experimental studies [24] have started to
relate skeletal muscle perfusion to periosteal blood supply
and fracture healing and revealed that skeletal muscle
provides an important collateral source of blood to
cortical bone. Furthermore, it has been demonstrated that
the periosteum and overlying muscles share circulatory
channels and have collateral circulation [24, 26]. Thus,
soft tissue trauma-induced decrease in nutritional blood
flow to the surrounding skeletal muscle may subsequently
cause a decline in periosteal microvascular perfusion.
This notion is also supported by the finding of decreased
capillary blood flow volume at 2 h post-injury, while the
venular volumetric blood flow simultaneously tends to
increase. These observations may indicate that part of the
blood flow volume usually passing the periosteal capillary
bed is temporarily bypassed or otherwise shunted, possi-
bly caused by the observed capillary dysfunction. The
considerable increase in venular blood flow volume at 6
weeks post-trauma again has a marked variation and may
be associated with structural changes of the periosteum
and periosteal remodeling processes, known to evolve
secondary to soft tissue trauma [22].

Therefore, the involvement of periosteal microvascular
derangements in severe CSTI and skeletal muscle micro-
circulatory dysfunction provide an attractive mechanism
by which fractures with severe soft tissue trauma may
take longer to heal or even develop a non-union.
However, the response of periosteum to additional soft
tissue trauma does not appear to be uniform, as varying
injury severities may obviously induce a different peri-
osteal cellular response. Using a rat model of soft tissue
injury without associated fracture Landry and co-workers
have found a significant periosteal cell proliferation,
osteoblast accumulation leading to significant callus
formation in response to moderate soft tissue trauma
[22]. In line with this view it has been reported that
transient ischemia of the limb without any injury to the
bone may induce a marked periosteal cell proliferation
and osteogenic differentiation [27]. In addition, Brighton
and Krebs have demonstrated that healing in terms of
cartilage and bone formation occurs in periosteal areas of
low oxygen tension [28] This finding has been confirmed
by Deren et al, as optimum alkaline phosphatase expres-
sion of cultured periosteal cells was found at lower
oxygen tensions [29]. In this context limited periosteal
microvascular injury with impaired nutritive blood flow
may be seen as an ischemia trigger mechanism for
subsequent stimulation and modulation of periosteal cells
that allows them to promote initial steps of bone healing.
To what extent, however, the decrease in periosteal blood
flow and oxygen supply results in osteogenic differenti-
ation and callus formation, beyond which injury-threshold
trauma-induced ischemia turns into irreversible ischemic
injury and adversely affects fracture healing, merits
further study. Whether the presently used injury severity
for CSTI and the evolving periosteal microcirculatory

disturbances might cause delayed fracture repair cannot
be concluded from the present data. Future studies are
warranted to determine the periosteal callus formation
and biomechanical outcome following fractures with
associated severe CSTI. Answers to these questions may
result in a better understanding of mechanisms of
periosteal microvascular injury and its effects on bone
healing. Their appreciation will likely have a substantial
impact on the therapeutic management of fractures with
severe, associated soft tissue injury, involving increased
risk of delayed or incomplete fracture healing.

Furthermore, the adverse effects on periosteum and
bone perfusion are expected to be pronounced by the
prolonged manifestation of CSTI-induced microvascular
derangements. The delayed course, combined with the
continued existence of microcirculatory dysfunction,
implicates some factors other than the trauma itself for
perpetuation of the sustained microvascular disturbances
and inflammation evolving secondary to CSTI. How this
secondary tissue damage following severe CSTI occurs is
unclear, but may be attributed to a multitude of different
changes that develop in parallel and sequentially showing
a mutual dependency.

Among others, these secondary alterations may include
metabolic dysfunction of skeletal muscle [30], ongoing
degradation of membrane phospholipids [31], progressive
accumulation of free radicals [32], and inflammation-
induced oxidative stress [33, 34]. In addition, a sustained
imbalance between vasodilation mediators (e.g., nitric
oxide) [35] and vasoconstriction mediators (e.g., endothe-
lins) [36] was demonstrated, which is thought to result in
endothelial cell damage, platelet and leukocyte aggrega-
tion, and edema formation. Interstitial edema, in turn,
contributes to pressure-induced collapse of capillaries.
Although only a tendency towards lower diameters in
periosteal capillaries has been observed at 2 h, 24 h and
48 h following CSTI, it was shown by Wolfard and co-
workers that periosteal ischemia typically results in
endothelin-dependent capillary constriction [36]. They
further demonstrated that the decrease in capillary
diameter is effectively reversed by the administration of
endothelin antagonists. Along with these changes endo-
thelin receptor antagonist treatment was also associated
with improved nutritive perfusion and impaired inflam-
matory reaction, as a significantly increased FCD and
decreased leukocyte adherence were observed. These
beneficial effects make it tempting for one to conclude
that endothelin is likely to play a causative role in
periosteal ischemic tissue injury and that its receptor
system may serve as a target for improving periosteal and
osseous perfusion.

Furthermore, the fact that the antero-lateral surface of
the tibial periosteum being investigated by intravital
microscopy is located within the injured antero-lateral
tibial skeletal muscle compartment points to a direct
transmission of increased tissue pressure within the closed
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osteofascial space to the adjacent periosteal microvascu-
lature. Elevated tissue pressure, in turn, may result in
reduced capillary perfusion pressure and increased hy-
draulic capillary flow resistance [37, 38], which cause
secondary microcirculatory impairment in the periosteum.
The notion of this pathway is substantiated by the fact that
peak level in capillary extravasation of macromolecules
(microvascular permeability) coincided with the maxi-
mum periosteal leukocyte adherence, tissue pressure, and
edema, supporting the concept of leukocyte-mediated
endothelial dysfunction and subsequent periosteal tissue
injury. Further evidence for this pathway is provided by
the observed positive correlation between leukocyte
adherence and microvascular permeability as well as Py,.

At the 1-week and 6-week time points of analysis,
periosteal involvement in fracture healing-associated
alterations in the structure and function of periosteal
microvasculature, i.e., regeneration, angiogenesis, and
neovascularization [4, 39] may also interfere with the
prolonged propagation of trauma-induced microvascular
changes. However, as initial microvessel disruption,
hemorrhage, hemostasis, and inflammation typically

precede every adequate post-traumatic healing response,
these different pathophysiological changes do not seem to
be mutually exclusive. Rather, they appear to be interde-
pendent, closely linked, and probably overlapping pro-
cesses.

In conclusion, the data provided here offer detailed
information on periosteal microvascular response to
closed soft tissue trauma. The findings could allow a
temporal interrelation of the CSTI-induced individual
microvascular derangements in periosteum to the healing
response of fractures with associated soft tissue damage.
Thus, these results may have therapeutic implications for
the preservation of periosteal integrity and consideration
of the interaction of soft tissue damage and periosteal
microvascular injury during the management of muscu-
loskeletal trauma.

Acknowledgement This work was supported by grants from
Deutsche Forschungsgemeinschaft (DFG Scha 930/1-1) and the
AO-ASIF Foundation, Switzerland.

References

1. Einhorn TA (1998) The cell and mo- 10. Utvag SE, Grundnes O, Reikeras O 17. Klyscz T, Junger M, Jung F, Zeintl H
lecular biology of fracture healing. Clin (1998) Effects of lesion between bone, (1989) Cap image—a new kind of
Orthop 355 [Suppl]:S7-21 periosteum and muscle on fracture computer-assisted video image analysis

2. Rhinelander FW (1965) Some aspects healing in rats. Acta Orthop Scand system for dynamic capillary micros-
of the microcirculation of healing bone. 69:177-180 copy. Biomed Tech 42:168-175
Clin Orthop 400:12-16 11. Schaser K, Vollmar B, Kroppenstedt S, 18. Zeintl H, Sack FU, Intaglietta M,

3. Rhinelander FW (1974) Tibial blood Schewior L, Raschke M, Menger MD, Messmer K (1989) Computer assisted
supply in relation to fracture healing. Liibbe A, Haas N, Mittlmeier T (1999) leukocyte adhesion measurement in
Clin Orthop 105:34-81 In vivo analysis of microcirculation intravital microscopy. Int J Microcirc

4. Winet H (1996) The role of microvas- following closed soft tissue injury. J Clin Exp 8:293-302
culature in normal and perturbed bone Orthop Res 17:678-685 19. Atheron A, Born GVR (1972) Quanti-
healing as revealed by intravital mi- 12. Riicker M, Roesken F, Vollmar B, tative investigation of the adhesiveness
croscopy. Bone 19:39S-57S Menger MD (1998) A novel approach of circulating polymorphonuclear

5. Einhorn TA, Simon G, Devli VVJ, for the comparative study of perioste- leukocytes to blood vessel walls. J
Warman J, Sidhu SP, Vigorita VJ um, muscle, subcutis, and skin micro- Physiol 222:447-474
(1990) The osteogenic response to dis- circulation by intravital microscopy. 20. Menger MD, Pelikan S, Steiner D,
tant skeletal injury. J Bone Joint Surg Microvasc Res 56:30-42 Messmer K (1992) Microvascular isch-
Am 72:1374-1378 13. Menger MD, Steiner D, Messmer K emia-reperfusion injury in striated

6. Gustilo RB, Mendoza RM, Williams (1992) Microvascular ischemia—reper- muscle: significance of “reflow para-
DN (1984) Problems in the manage- fusion injury in striated muscle: signif- dox”. Am J Physiol 263:H1901-1906
ment of type III (severe) open fractures. icance of “no reflow” Am J Physiol 21. Looney SW, Stanley, WB (1989) Ex-
J Trauma 24:742-746 263:H1892-1900 ploratory repeated measures analysis

7. Gustilo RB, Merkow RL, Templeman 14. Villringer A, Dirnagel U, Them A, for two or more groups. Am Stat
D (1990) The management of open Shurer L, Krombach F, Einhdupl KM 43:220-225
fractures. J Bone Joint Surg Am (1991) Imaging of leukocytes within the ~ 22. Landry PS, Marino AA, Sadasivan KK,
72:299-304 rat brain cortex in vivo. Microvasc Res Albright JA (2000) Effect of soft-tissue

8. Esterhai JL, Queenan J (1991) Man- 42:305-315 trauma on the early periosteal response
agement of soft tissue wounds associ- 15. Reed MWR, Miller FN (1988) Impor- of bone to injury. J Trauma 48:479-483
ated with type III open fractures. tance of light dose in fluorescent mi- 23. Brookes M, Elkin AC, Harrison RG
Orthop Clin North Am 22:427-432 croscopy. Microvasc Res 36:104-107 (1961) A new concept of capillary

9. Kowalski MJ, Schemitsch EH, Kregor 16. Saetzler RK, Jallo J, Lehr HA (1988) circulation in bone cortex. Lancet

PJ, Senft D, Swiontkowski MF (1996)
Effect of periosteal stripping on cortical
bone perfusion: a laser-Doppler study in
sheep. Calcif Tissue Int 59:24-26

Intravital fluorescence microscopy: im-
pact of light-induced phototoxicity on
adhesion of fluorescently labeled
leukocytes. J Histochem Cytochem
45:505-513

1:1078



330

24.

25.

26.

27.

28.

Whiteside LA, Lesker PA (1978) The
effects of extraperiosteal and subperi-
osteal dissection. I. On blood flow in
muscle. II. On fracture healing. J Bone
Joint Surg Am 60:23-30

Zhang L, Bail H, Mittlmeier T, Haas
NP, Schaser KD (2003) Immediate
microcirculatory derangements in skel-
etal muscle and periosteum following
closed tibial fracture. J] Trauma (in
press)

Byrd HS, Cierny G, Tebbetts JB (1981)
The management of open tibial frac-
tures with associated soft tissue loss:
external pin fixation with early flap
coverage. Plast Reconstr Surg 68:73-79
Svindland AD, Nordsletten L, Reikeras
O, Skjeldal S (1995) Periosteal response
to transient ischemia. Acta Orthop
Scand 66:468-472

Brighton CT, Krebs AG (1972) Oxygen
tension of healing fractures in the
rabbit. J Bone Joint Surg Am 54:323—
332

29.

30.

31.

32.

33.
34.

Deren JA, Kaplan FS, Brighton CT
(1990) Alkaline phosphatase production
by periosteal cells at various oxygen
tensions in vitro. Clin Orthop 252:307—
312

Hill AG, Hill GL (1998) Metabolic
response to severe injury. Br J Surg
85:884-890

van der Vusse GJ, van Bilsen M,
Reneman RS (1994) Ischemia and
reperfusion induced alterations in
membrane phospholipids: an overview.
Ann N Y Acad Sci 723:1-14

van der Laan L, Oyen WJ, Verhofstad
AA (1997) Soft tissue repair capacity
after oxygen-derived free radical-in-
duced damage in one hindlimb of the
rat. J Surg Res 72:60-69

Weiss SJ (1989) Tissue destruction by
neutrophils. N Engl J Med 320:365-376
Giannoudis PV, Smith RM, Banks RE,
Windsor ACJ, Dickson RA, Guillou PJ
(1998) Stimulation of inflammatory
markers after blunt trauma. Br J Surg
85:986-990

35.

36.

37.

38.

39.

Lefer AM, Lefer DJ (1996) The role of
nitric oxide and cell adhesion molecules
on the microcirculation in ischaemia—
reperfusion. Cardiovasc Res 32:743—
751

Wolfard A, Csaszar J, Gera L, Petri A,
Simonka JA, Balogh A, Boros M (2002)
Endothelin-a receptor antagonist treat-
ment improves the periosteal microcir-
culation after hindlimb ischemia and
reperfusion in the rat. Microcirculation
9:471-476

Vollmar B, Westermann S, Menger MD
(1999) Microvascular response to com-
partment syndrome-like external pres-
sure elevation: an in vivo fluorescence
microscopic study in the hamster stri-
ated muscle. J Trauma 46:91-96
Shrier I, Magder S (1995) Pressure—
flow relationships in in vitro model of
compartment syndrome. J Appl Physiol
79:214-221

Brighton CT, Hunt RM (1997) Early
histologic and ultrastructural changes in
microvessels of periosteal callus. J
Orthop Trauma 11:244-253



3.1.3 Der Einfluss einer geschlossenen Tibiaschaftfraktur auf die
mikrovaskulare Perfusion des Periostes und Skelettmuskels
Initiale Untersuchungen konnten zeigen, dass bereits ein isolierter, schwerer
geschlossener Weichteilschaden ohne gleichzeitige Fraktur mit sofortigen und
protrahiert ablaufenden mikrovaskularen Perfusionsstorungen des umliegenden
verletzten Skelettmuskels und Periostes vergesellschaftet ist (150, 152). Da aus
klinischer Sicht jedoch komplexe Extremitatenverletzungen zumeist durch das
kombinierte Auftreten von schweren Weichteiltraumen und offenen oder
geschlossenen Frakturen gekennzeichnet sind, sollen nachfolgende Studien die
frakturinduzierten Veranderungen in Skelettmuskel und Periost quantitativ
analysieren.
Die standardisierte Frakturerzeugung am Unterschenkelschaft der Ratte erfolgte
dabei unter Zuhilfenahme eines in unserer Forschungsabteilung etablierten und
standardisierten Frakturmodells der Ratte (63), welches eine Modifikation der von
Bonnarens und Einhorn beschriebenen Technik darstellt (9). Dabei wird am
Rattenhinterlauf ein Metallstempel auf die gewiunschte Frakturstelle der antero-
medialen Tibia justiert. Ein Guillotine-artig herabfallendes Gewicht induziert dann
auf der Basis einer modifizierten Dreipunktbiegung im mittleren Schaftdrittel eine
geschlossene kurze Schragfraktur mit geringem Weichteilschaden.
Nach Frakturerzeugung erfolgt die perkutane Stabilisierung der Fraktur mittels
intramedullarer  Spickdraht  (SD)-Osteosynthese.  Dabei  entsteht eine
belastungsstabile Osteosynthese, die eine Ruhigstellung ermdoglicht und eine
sekundare Fragmentdislokation verhindert.
Die vorliegenden Arbeiten demonstrieren, dass eine einfache Tibiaschaftfraktur zu
tiefgreifenden Mikrozirkulationsstérungen sowohl auf Ebene des Periostes als auch
im umliegenden Skelettmuskel fuhrt (199). Wahrend die fraktur-induzierten
Veranderungen der  periostalen Kapillarperfusion und  endothelialen
Leukozytenadharenz ein ahnliches Ausmall zeigten wie nach isoliertem
Weichteiltrauma, waren diese Stérungen im Skelettmuskel vergleichsweise
geringer ausgepragt.
Die gleichzeitige Bestimmung der mikrovaskularen Dysfunktion und der zellularen
inflammatorischen Reaktion in Periost und umliegenden Skelettmuskel nach einer
Fraktur erlaubte somit die detaillierte Analyse der Interaktion von periostaler-

ossarer und angrenzender Skelettmuskelperfusion. Au3erdem erlaubte die genaue
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quantitative Kenntnis der frakturbedingten Mikrozirkulationsstérungen im Periost
und Skelettmuskel weitere Schlussfolgerungen uber deren Auswirkung auf die
zellularen Prozesse der Frakturheilung. Auf Grundlage dieser Daten (199) besteht
die Mdoglichkeit, periostale Mikrozirkulationsstorungen mit biomechanischen und
histomorphologischen Parametern der Frakturheilung zu korrelieren und kausale
funktionelle Zusammenhange zum Ausmal} der Frakturheilungsverzogerung

aufzudecken.
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Immediate Microcirculatory Derangements in Skeletal
Muscle and Periosteum after Closed Tibial Fracture

Li Zhang, MD, PhD, Hermann Bail, MD, Thomas Mittlmeier, MD, Norbert P. Haas, MD, and

Klaus-D. Schaser, MD

Background: Severe musculoskeletal
soft tissue injury sustained after a closed
fracture to the extremities significantly in-
fluences bone healing and determines the
patient’s prognosis. The present study was
aimed at quantitatively assessing immedi-
ate microcirculatory changes in skeletal
muscle and periosteum after standardized
closed fracture.

Methods: Standardized closed frac-
ture of the left tibia in isoflurane-anesthe-
tized Sprague-Dawley rats (n = 14) was
induced using a modified weight-drop
technique. The left extensor digitorum

posed for in vivo fluorescence microscopy
15 minutes after fracture. Nonfractured
rats (n = 14) served as controls. EDL mus-
cle edema was determined by the ratio of
wet to dry weight (EDL water content).
Results: Closed tibial fracture re-
sulted in a significant reduction of func-
tional capillary density, red blood cell ve-
locity, and volumetric blood flow in both
EDL muscle and periosteum. Microvascu-
lar diameter, leukocyte adherence, and
macromolecular leakage were markedly
increased, indicating trauma-induced in-
flammation and endothelial disintegra-

Conclusion: This model permits for
the first time direct in vivo visualization
and quantification of fracture-induced mi-
crohemodynamic changes and cellular in-
teractions within the surrounding soft tis-
sue. It demonstrates that even simple
fractures lead to profound microcircula-
tory disturbances in skeletal muscle and
periosteum, and also at sites remote from
the diaphyseal fracture site. It provides a
useful approach for the development of
therapeutic strategies to counteract frac-
ture-induced microvascular dysfunction.

Key Words: Fracture, Microcircula-

longus (EDL) muscle (n = 7) and tibial
periosteum (n = 7) were surgically ex-

omplex fractures of the extremities typically involve

severe closed or open trauma to the musculoskeletal

soft tissue and periosteum. Pathophysiologic pathways
activated after severe trauma to skeletal muscle and perios-
teum are of essential clinical importance because they trigger
bone healing and decisively determine the patient’s
prognosis.'

At present, quantitative assessment of posttraumatic
soft tissue damage and consecutively developing perfusion
disturbances is performed on the basis of evaluation of
clinical gross findings and relies mainly on empiric
evidence.'? Although there is now clinical consensus con-
cerning the integrity of musculoskeletal soft tissues and
their influence on bone healing, the extent of microcircu-
latory deterioration of skeletal muscle and periosteum
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tion. EDL muscle edema was found in-
creased significantly after fracture.
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caused by a simple fracture is not known. Therefore, sev-
eral indirect microcirculatory studies of skeletal muscle
and cortical bone including laser Doppler flowmetry have
been performed.®~> However, these studies did not directly
allow for simultaneous visualization and quantification of
fracture-induced microcirculatory disturbances in skeletal
muscle and periosteum.

The clinical observation that extensive soft tissue injury
and widespread periosteal stripping frequently precede de-
layed fracture repair, possibly resulting in nonunion or
pseudarthrosis, points to the pathogenetic influence of frac-
ture-induced cellular and microvascular changes within the
surrounding skeletal muscle and periosteum. Therefore, we
hypothesized that closed tibial fracture adversely affects mi-
crocirculation in both skeletal muscle and periosteum. To test
this hypothesis, we aimed to quantitatively assess immediate
microcirculatory changes in skeletal muscle and periosteum
after standardized closed fracture.

MATERIALS AND METHODS
Animals

The experiments were performed using 28 Sprague-
Dawley rats (body weight, 250-300 g). Experiments were
approved by the local animal care authorities and have been
performed in accordance with the guidelines for laboratory
animal use set forth by the National Institutes of Health (NIH
Publication No. 80-23, revised 1985).
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Surgical Procedure

Closed tibial fracture of left hindlimb was induced in
anesthetized (isoflurane 1.5 vol%, N,O 0.5 L/min and O, 0.3
L/min) Sprague-Dawley rats (n = 14) using a standardized
fracture model for production of diaphyseal fractures using a
modified weight-drop technique to the medial aspect of the
rat tibia.® Using this technique, simple oblique or transversal
fractures (AO types A, and A;) without a spiral component or
a bending wedge are reliably produced. Furthermore, appli-
cation of this model to the medial aspect of the subcutane-
ously located tibia does not induce significant soft tissue
trauma. Subsequent to fracture, intramedullary stabilization
of the tibia was achieved by manual insertion of a 1.0-mm
Kirschner wire. Intramedullary stabilization was necessary to
prevent secondary loss of reduction of the fragments and to
provide a horizontal focus level during the microscopic pro-
cedure. The location and type of fracture were selected to
simulate the clinical situation of lower extremity trauma in-
volving a closed fracture of the tibial diaphysis. A venous
catheter (0.58-mm inner diameter, polyethylene 50 [PE 50];
Portex, Hythe, Kent, UK) was inserted through the right
external jugular vein into the superior caval vein for injection
of fluid and fluorescence dyes. The ascending aorta was
cannulated (PE 50) through the right common carotid artery
for monitoring of the heart rate (HR) and mean arterial blood
pressure. Systolic and diastolic blood pressure as well as HR
were monitored with a digital blood pressure analyzer
(Digimed, Micro-Med, Louisville, KY). Body temperature
was maintained at 37°C with use of a temperature-controlled
heating pad.

The extensor digitorum longus (EDL) muscle prepara-
tion was performed as described previously by Tyml and
Budreau.” The EDL muscle was surgically exposed by dis-
secting the overlying muscles and fascia. To retract neigh-
boring tissue and keep the hindlimb in a horizontal position,
sutures were placed on the margin of the anterior tibialis and
soleus muscles. Throughout the surgical procedure, the prep-
arations were irrigated with physiologic saline solution and
covered with a glass coverslip to prevent drying, tissue de-
hydration, and oxygen interference.

The tibial periosteum preparation was modified and per-
formed in accordance with Riicker et al.® In brief, the gracilis
anticus, gracilis posticus, and semitendinosus muscles were
dissected medioproximally from the distal to the proximal
part. To stabilize periosteum, preparation sutures were placed
on the margin of the neighboring muscles. Irrigation of the
preparation was the same as described for EDL muscle.

Experimental Groups and Protocol

Depending on the tissue being investigated, the trauma-
tized rats were assigned to group 1 (skeletal muscle, n = 7)
or group 2 (periosteum, n = 7). Nonfractured (sham-operat-
ed) animals (n = 14) served as controls for the study of both
skeletal muscle (n = 7) and periosteum (n = 7). In vivo
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fluorescence microscopy of either EDL muscle or periosteum
was performed 15 minutes after termination of surgical prep-
aration (i.e., 1 hour after induction of the fracture). The rats
were killed by exsanguination at the end of the microscopic
procedures, and the EDL muscle of the left (fractured) and
right (nonfractured) legs was harvested for determination of
edema formation.

Intravital Fluorescence Microscopy

The microvasculature of the EDL muscle and periosteum
was investigated in epi-illumination (100-W mercury lamp)
through an in vivo microscope (Axiotech Vario, Carl Zeiss,
Goettingen, Germany) equipped with a water-immersion ob-
jective (Achroplan, X20, Carl Zeiss, Germany) and fluores-
cence filters for visualization of fluorescein isothiocyanate—
labeled dextran (450—490/>580 nm) and rhodamine (530—
560/>580 nm). Microcirculatory images were recorded using
a CCD-video camera (FK 6990-1Q, Pieper, Schwerte, Ger-
many) connected to an SVHS video recorder (HR-
S4700EG/E, JVC, Friedberg, Germany) and stored on video-
tapes for off-line evaluation. Before microscopy, a single
bolus of fluorescein isothiocyanate—labeled dextran (5%,
150,000 MW, 15 mg/kg body weight; Sigma Chemical, De-
isenhofen, Germany) and rhodamine 6G (0.1%, 0.15 mg/kg
body weight; Sigma Chemical) was injected intravenously to
enhance the contrast of the microvascular network and to
perform in vivo staining of leukocytes.” ' For in vivo mi-
croscopy, the surface of the EDL muscle and periosteum was
sequentially scanned from the distal to the proximal part in
approximately 2-mm increments with use of a computer-
assisted microscope stage equipped with a stepping motor
(MC 2000, Merzhauser, Miinchen, Germany). To reliably
assess microcirculation of EDL muscle and periosteum, mi-
croscopic images from at least six observation areas in each
type of tissue were recorded. Thus, in vivo microscopic
analysis of the microcirculation in the entire EDL muscle or
meta- and diaphyseal periosteum was permitted, particularly
in areas remote from the fracture site. Values obtained for
each of these areas were averaged per animal. To minimize
phototoxic effects, each observation in vivo microscopic pe-
riod (i.e., continuous exposure with fluorescence light) was
limited to a maximum of 60 seconds.'"'?

Microcirculatory Analysis

Microcirculatory parameters were analyzed off-line us-
ing computer-assisted image analysis systems (Capimage,
Zeintl, Heidelberg, Germany).'**'* Microhemodynamic anal-
ysis included the determination of functional capillary density
(FCD) (defined as the total length of red blood cell-perfused
capillaries per observation area, cm ™ '), capillary and venular
red blood cell velocity (Vi) (determined by frame-to-frame
analysis, mm/s) and capillary and venular diameters (D)
(wm). Microvascular permeability (macromolecular leakage)
was expressed as the ratio of fluorescence intensity, selected
from perivascular area to the corresponding intravascular
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Tahle 1 Macrohemodynamic Parameters®

EDL Muscle Periosteum
Group
Sham Fracture Sham Fracture
MABP (mm Hg) 82.3 + 3.9 86.3 =+ 5.9 80.3 = 6.9 86.4 = 5.6
HR (beats/min) 321.4 £ 65.5 297.2 = 541 3271 £ 47.7 325.8 = 221

MABP, mean arterial blood pressure.

2 MABP and HR of sham-operated and fractured rats showed no significant differences between both groups and were stable throughout

the study period. Values were expressed as mean *+ SD.

region (plasma gaps between erythrocytes).'>!'* Volumetric
capillary and venular blood flow (VBF) (pl/s) was calculated
from Vgpe and D for each vessel as VBF = /4 X D? X
Virae:

In each animal, leukocyte-endothelial cell interaction
was analyzed in at least six postcapillary venules of EDL
muscle and periosteum, respectively. Leukocyte rolling was
assessed by the ratio of leukocytes moving significantly
slower than the mainstream velocity to the total leukocyte
flux (percent).'® Permanently adherent leukocytes were de-
fined by leukocytes with stable endothelial contact, not mov-
ing or detaching from the endothelium line during an obser-
vation period of 30 seconds. Leukocyte adherence was
expressed per square millimeter of endothelial surface, cal-
culated from diameter and length of the vessel segment stud-
ied, assuming cylindric geometry.'®'

Determination of Skeletal Muscle Edema Formation

Edema weight gain was assessed by measuring the wet-
to-dry weight ratio of EDL muscle. After determination of
wet weight, the EDL muscle was dried for 24 hours in a
laboratory oven (80°C) and weighed again (dry weight).
Stable dry weight was found after 24 hours in all animals.
Edema formation was determined by the water content of
EDL muscle (percent) and finally expressed as edema index
(ED) (i.e., the wet-to-dry weight ratio of left vs. right EDL
muscle).

Statistical Analysis

Results are expressed as mean *= SD. After passing
Kolmogorov-Smirnov test for normality, the groups were
compared using Student’s # test. Differences were considered
significant at p < 0.05.

RESULTS
Macrohemodynamics

Mean arterial blood pressure generally ranged from 78 to
92 mm Hg and HR was in the range of 243 to 387 beats/min
and remained stable with no significant difference between
groups throughout the study period (Table 1).

EDL Muscle

In EDL muscle of the nonfractured group, capillaries
were found arranged in parallel to each other, with only a few
intercapillary anastomoses. They were straightened in the

Volume 54 ® Number 5

longitudinal axis of the muscle fibers. No significant micro-
vascular thrombosis and macromolecular leakage or leuko-
cyte adherence were found (Fig. 14).

EDL muscle microcirculation after closed tibial fracture
displayed a heterogeneous perfusion pattern with severe mi-
crovascular dysfunction, including stasis and collapse of cap-
illaries, increase in intercapillary distance, microvascular
thrombosis, and direct disruption of microvessels with sub-
sequent hemorrhage (Fig. 1B). FCD (197.8 = 32.8) and Vggc
(134.6 = 27.7) of EDL muscle after fracture were found to be
significantly reduced compared with noninjured controls
(FCD, 261.7 = 23.8; Vgpe, 233.8 £ 18.6) (Fig. 24 and Table
2). Immediate disturbances in nutritive perfusion were further
characterized by a significant hypoperfusion as demonstrated
by a marked (Table 2). Changes in microvascular diameters
in response to fracture were characterized by a simultaneous
vasodilation of capillaries (42.0 = 11.3 vs. 28.7 = 11.6) and
postcapillary (5.9 = 0.4 vs. 5.5 = 0.2) venules (Table 2). In
addition, a significant increase in microvascular permeability
(transendothelial leakage) was found (Fig. 2B), indicating
substantial loss of endothelial integrity in the skeletal muscle
in response to fracture. Analysis of leukocyte-endothelial cell
interaction revealed a substantial increase when compared
with nonfractured animals. Leukocyte rolling and adherence
were found to be increased by twofold, mostly restricted to
the endothelium of postcapillary venules (Fig. 3).

Periosteum

In the tibial periosteum of nonfractured rats, microvas-
cular perfusion was characterized by two distinct types of
capillary arrangements. Adjacent to the supplying and drain-
ing vessels, at the metaphysis, capillaries were arranged as
densely meshed, reticular networks with numerous intercap-
illary connections. The arrangements of capillaries more dis-
tant to the supplying vessels were different, with a relatively
parallel alignment to the axis of the tibial diaphysis. Perfusion
in both tissue types was found to be homogeneous, with no
significant capillary dysfunction (Fig. 1C) or leukocyte ad-
hesion (Fig. 1E).

On the contrary, microvascular response of periosteum to
fracture showed striking changes that were dependent on the
region being analyzed. In the immediate vicinity of the frac-
ture site, a total microvascular perfusion failure with hemor-
rhage and a significantly increased microvascular permeabil-
ity (leakage, 0.60 = 0.08 vs. 0.49 = 0.02) were found (Figs.
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Fig. 1. (A) Intravital microscopy of EDL muscle in sham-operated animals typically demonstrated perfused capillaries draining into a postcapillary
venule. Capillaries were arranged in parallel and along the longitudinal axis of the muscle fibers. Note the homogeneous perfusion and close
intercapillary distance. (B) Intravital microscopy of rat EDL muscle after closed tibial fracture, demonstrating heterogeneous perfusion with
significant capillary thrombosis (arrows), increase in intercapillary distance, and microvascular permeability (extravasation of fluorescently labeled
macromolecules) indicating interstitial edema formation because of the posttraumatic loss of endothelial integrity. (C) Intravital microscopy of
homogeneous periosteal microcirculation at the tibial metaphysis of sham-operated rats, displaying a meshed network of capillaries with supplying
arteriole (arrow) and draining postcapillary venule (double arrow). (D) Intravital microscopy of heterogeneous periosteal microcirculation at the
rat tibial metaphysis after closed tibial fracture, displaying a severe microvascular perfusion failure indicated by silhouettes of nonperfused and
clotted capillaries (arrow). Only a few capillaries remained perfused (double arrow). (E) Leukocyte-endothelial cell interaction in periosteal
postcapillary venules of sham-operated rats, demonstrating the rarity of temporarily and permanently adherent leukocytes (arrow). (F) Leukocyte-
endothelial cell interaction in periosteal postcapillary venules after closed fracture of rat tibia. Note the marked increase in accumulation and
adherence of leukocytes rolling along and sticking to the postcapillary endothelium (arrow), indicative of significant fracture-induced inflammatory
reaction of rat periosteum. Original magnification, X405.

1D and 2B). However, metaphyseal areas remote from the increased microvascular leakage, and drastically increased

fracture site displayed a heterogeneous perfusion with de- leukocyte-endothelium cell interaction (Fig. 1F). Again, rolling
creased Vype (Table 2) and scattered capillary thrombosis, and adherence of leukocytes were increased by twofold when
982 May 2003
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Fig. 2. (A) Microvascular permeability (leakage of fluorescein
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EDL muscle and periosteum in sham-operated (open bar) and frac-
tured rats (filled bar). Values were mean = SD. ***p < 0.001
versus sham-operated rats (t test). (B) Functional capillary density
(length of red blood cell-perfused capillaries per observation area;
cem™ ') of EDL muscle and periosteum in sham-operated (open bar)
and fractured rats (filled bar). Values are mean = SD. ***p < 0.001
versus sham-operated rats (t test).

>

*kK *kk

S [, @D
o o o
s L

w
o

leukocyte rolling (%)
N
o

=3
o

o

EDL-muscle periosteum

W

600 -

m2

m
o
=]
]
*
*
»

400

300

200

100

leukocyte adherence (per

EDL-muscle periosteum

Fig. 3. Fraction of rolling leukocytes (A, percentage of total leukocyte
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limeter of endothelial surface) in postcapillary venules of EDL muscle and
periosteum in sham-operated (open bar) and fractured rats (filled bar).
Values were mean = SD. ***p < 0.001 versus sham-operated rats (t test).

compared with sham-operated animals and primarily restricted
to endothelium of postcapillary periosteal venules (Fig. 3).

Edema Formation
In the sham-operated rats, no significant difference be-
tween the water content of left and right EDL muscle was

Tahle 2 Immediate Microvascular Changes Including Diameter, Volumetric Blood Flow in Capillaries and Venules,
and Red Blood Cell Velocity Measured in EDL Muscle and Periosteum of Sham-Operated and Fractured Rats®

D (um) VBF (um?3/s) Vasc (um/s)
Capillaries Venules Capillaries Venules Capillaries Venules

EDL muscle

Sham 55=+0.2 28.7 = 11.6 57 +0.9 103.1 = 96.7 233.8 = 18.6 172.2 + 40.8

Fracture 5.9 = 0.4 42.0 = 11.3* 3.7 = 1.0 160.1 = 911 134.6 = 27.7°* 116.6 = 27.1*
Periosteum

Sham 9.6 +1.3 29.8 = 3.3 19.7 £ 9.8 97.0 = 28.9 218.9 = 101 166.0 = 30.8

Fracture 104 +1.3 42.8 = 5.0 21.6 = 11.0 160.0 = 87.1 110.7 = 32.2** 112.3 = 18.9"**

2 Values are expressed as mean = SD.

*p < 0.05; **p < 0.01; ** p < 0.001 vs. sham-operated rats (t test).

Volume 54 o Number 5

983

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



The Journal of TRAUMA® Injury, Infection, and Critical Care
|

Tahle 3 Skeletal Muscle Edema Formation®

EDL Water Content (%)

Edema Index

Left Right
Sham-operated 779 =47 749 = 3.4 1.03 = 0.09
Fracture 80.5 = 3.1* 751 £4.0 1.07 = 0.08*

2 Intramuscular water content was calculated in the left (exper-
imental) and right (contralateral) EDL muscle. Edema index was cal-
culated by the ratio of EDL muscle wet-to-dry weight of experimental
vs. contralateral EDL muscle. Values were expressed as mean = SD.

*p < 0.05; " p < 0.01; ** p < 0.001 vs. sham-operated rats (t
test).

observed as indicated by a low EI. However, closed tibial
fracture caused a significant increase in EDL muscle water
content and EI, demonstrating fracture-induced skeletal mus-
cle edema formation (Table 3).

DISCUSSION

From the clinical point of view, it is well accepted that
the healing of open and closed diaphyseal fracture critically
depends on severity of associated soft tissue damage.' This
may be because the extraosseous blood supply to the bone is
adversely affected. Both clinical'® and experimental
evidence'” support the notion that skeletal muscle provides
an important collateral source of blood to cortical bone.
Furthermore, it has been shown that the periosteum and
overlying muscles share circulatory channels and have col-
lateral circulation.'®'®

This study using in vivo fluorescence microscopy dem-
onstrates for the first time that even a simple closed noncom-
minuted fracture results in profound impairment of nutritive
perfusion in both surrounding skeletal muscle and perios-
teum, as a markedly reduced FCD, Vgge, and VBF were
found. Moreover, these experimental results show that the
microvascular response of skeletal muscle and periosteum to
closed fracture can be visualized and quantitatively analyzed.
The fracture-induced increase in macromolecular leakage in
periosteum and skeletal muscle microvessels may be because
fracture-induced damage to EDL muscle and periosteum is
associated with disruption of microvessels, subsequent hyp-
oxia, and loss of endothelial integrity. These insults in turn
may cause an acute disturbance of the transcapillary fluid
balance and increase in endothelial permeability resulting in
increased edema and elevated tissue pressure. The microvas-
cular thrombosis in surrounding EDL muscle and periosteal
regions remote from the central fracture site obviously caused
by (or developing in response to) the fracture may result in
reduced blood supply to the bone and indicate a “no-reflow”
phenomenon similar to ischemia/reperfusion injury. The
markedly increased diameter of venules in skeletal muscle
and periosteum found after fracture may be indicative of
posttraumatic/postischemic vasodilation. Thereby, the capil-
lary filtration pressure and subsequent edema formation may
be reduced, because of a decreased transcapillary pressure
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gradient. Furthermore, the fact that the capillary VBF was
decreased in EDL muscle but increased in periosteum after
fracture points to a shift in nutritive perfusion for the benefit
of injured periosteum. If, however, the severity and extent of
these early microcirculatory disturbances (1 hour after frac-
ture) will be of prognostic significance in fracture healing
needs to be shown in future studies.

The increased leukocyte-endothelial cell interaction is
thought to be a key feature of postischemic or posttraumatic
inflammation.'>*° These initial adhesive interactions be-
tween leukocytes and endothelial cells, leading to leukocyte
rolling and subsequent adherence, may be the result of rapid
expression of selectin and integrin cell adhesion molecules,
initiated by fracture-induced endothelial dysfunction.”' The
markedly increased leukocyte-endothelium cell interaction
may lead to release of proinflammatory cytokines, thereby
increasing trauma-induced inflammation and leukocyte-me-
diated tissue injury. Apart from direct inflammatory effects,
the accumulation and the adherence of leukocytes are known
to significantly increase hydraulic flow pressure, which ad-
versely affects nutritive perfusion.??

As an additional marker of muscle injury, edema weight
gain of the EDL muscle was determined. The present data are
in agreement with the former reports showing that closed soft
tissue trauma leads to a significant increase in skeletal muscle
water content and edema.'” It has been shown that maximum
edema formation coincides with maximum microvascular
permeability and leukocyte-endothelial cell interaction, again
supporting the concept of leukocyte-mediated tissue injury.*'

In conclusion, results of the current study describe for the
first time direct in vivo visualization and quantification of
fracture-induced microhemodynamic changes within the sur-
rounding soft tissue. However, if and to what extent these
immediate microvascular derangements in skeletal muscle
and periosteum trigger the healing response of injured bone
and significantly influence the long-term outcome of frac-
tures with severe soft tissue trauma exceeds the settings of the
present investigation and merits further study. Nonetheless,
application of this model allows local and temporal interre-
lation of microvascular parameters in skeletal muscle and
periosteum after fracture and trauma. It provides a useful
experimental approach for the pathophysiologic analysis of
tissue-confined microvascular changes after complex injuries
to the extremities. Thus, these data may also allow dissection
of the microcirculatory and cellar interactions between peri-
osteum and surrounding skeletal muscle in complex pathways
that determine posttraumatic tissue survival, and may allow
design of specific therapeutic approaches that prevent tissue
death secondary to severe soft tissue injury. In this context,
these results may have further clinical perspective in view of
developing therapeutic strategies to counteract the manifes-
tations of nutritional dysfunction and inflammatory reaction
in traumatized skeletal muscle and periosteum.
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3.1.4 Intravitalmikroskopische und biomechanische Untersuchungen zur
Analyse der Interaktion von traumatischem Weichteilschaden und
Frakturheilung

Es ist bislang unklar, Uber welche Pathomechanismen und mit welcher zeitlichen

Kinetik ein ausgepragter Weichteilschaden die periostale Perfusion und letztendlich

die Frakturheilung negativ beeinflusst. Auf Grundlage der klinischen Problematik

bei simultanem Auftreten von Fraktur und schwerer Schadigung des
muskuloskeletalen  Weichteilmantels war die exakte Bestimmung des
pathogenetischen Einflusses eines standardisierten, schweren geschlossenen

Weichteilschadens auf die Frakturheilung Ziel dieser Arbeiten.

Das Ausmaly der funktionellen Beeintrachtigung der Frakturheilung wurde mit

biomechanischen Verfahren quantitativ analysiert. Dartber hinaus demonstrieren

die Untersuchungen erstmalig die Mikrozirkulationsstorungen und die

Leukozytenaktivierung in Periost und umliegendem Skelettmuskel bei kombinierter

Verletzung, d.h. Fraktur mit simultanem schwerem Weichteilschaden (154, 155).

Im Einzelnen zeigen diese Arbeiten, dass sowohl die geschlossene

Weichteilverletzung als auch die Fraktur im Vergleich zu den Kontrollen eine lang

anhaltende nutritive Perfusionsstorung, endotheliale Permeabilitatsstorung und

Entzindungsreaktion Uber den gesamten Untersuchungszeitraum bewirkte. Die

geschlossene Tibiaschaftfraktur mit geschlossenem Weichteiltrauma flhrte im

Vergleich zu einfacher Fraktur zu einer signifikanten Akzentuierung der kapillaren

Dysfunktion und Leukozytenadharenz im Skelettmuskel in der Fruhphase nach

Trauma. Zusatzlich konnte ein signifikanter funktioneller Zusammenhang (positive

Korrelation) zwischen dem Ausmal® der frihen nutritiven Perfusionsdefizite

(funktionelle Kapillardichte) und Verminderung der biomechanischen Stabilitat in

der Fruhphase der Frakturheilung (3 Wochen) nachgewiesen werden.

Die Ergebnisse demonstrieren erstmals in vivo die Interaktion von traumatischem

Weichteilschaden, nutritiver Perfusionsstérung und Frakturheilung. Sie zeigen, dass

diese frihen Mikrozirkulationsstérungen der Weichteile zur Verminderung der

biomechanischen Stabilitat im Verlauf der Frakturheilung fuhren. Die Resultate
lassen die protrahierte Manifestation einer Mikrozirkulationsstorung und

Leukozytenaktivierung im  Skelettmuskel als kausale, pathogenetische

Determinanten flr die verzogerte Heilung von Frakturen mit schwerem

Weichteilschaden vermuten (154, 155).
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EFFECT OF SOFT TISSUE DAMAGE ON FRACTURE HEALING: INTRAVITAL MICROSCOPIC
AND BIOMECHANICAL INVESTIGATIONS IN RATS

+*Klaus-D. Schaser; * Zhang, L; ** Mittlmeier T, * Ostapowicz D; * Schmidmaier G, * Duda G; * Haas NP; * Bail HJ
+Dept. of Trauma & Reconstructive Surgery, Charite, Campus Virchow, Humboldt-Universitit zu Berlin, Berlin, Germany,

Introduction: Among the different factors adversely influencing the
bone healing response the associated soft tissue trauma is now
increasingly attracting major interest, as it significantly impaires
fracture repair and decisively determines patient’s prognosis (1).
Furthermore, severe concomittant soft tissue trauma has been proposed
to precede and causatively underlie perturbed bone healing, frequently
resulting in non-union, pseudarthrosis. To date, however, the temporal
and functional relationship between skeletal muscle microcirculatory
deteriorations and biomechanics of fracture healing following fracture
with severe closed soft tissue injury (CSTI) are not known. Using
intravitalmicroscopic analysis and biomechanical testings the present
study was aimed to quantitatively assess the impact of microcirculatory

disturbances in skeletal muscle following closed soft tissue damage on
fracture healing.

Methods: Standardized closed fracture of left tibia (AO type A, & Aj; no
significant closed soft tissue damage) in isoflurane-anesthesized

(isoflurane 1.5 vol%, N,O 0.5 I/min and O, 0.3 I/min) SD-rats (n=48)
was induced using a modified weight-drop-technique (2) and

intramedullary stabilized by manual insertion of a 1.0 mm k-wire. All

procedures were performed with the ethical and according to the NIH

guidelines. In 24 of these rats an additional standardized closed soft

tissue trauma at the anterolateral tibial compartiment was induced using

FCD Leukocyte Mikrovascular Diameter (um)
(ecm™) adherence permeability Capillary ~ Venule
(1/mm?) (Leakage in %)
Control(sham) | 261.24+25.6 181.5+65.3 0.41+0.08 55+£0.1 253%79
2h: Fx 191.7431.4° 350.9+68.7 0.5610.04* 5.9+0.5 40.3+10.3 *
2h: FX&CSTI [ 149.8+15.1%" | 636.5+121.9*" | 0.6140.05° 6.6£0.4 %" 44.6+68
48h: Fx 185.2421.3% 504.5£149.7*% 0.61£0.04° 6.8+1.5% 46.143.9°
48h:Fx&CSTI | 154.8+12.9 *° 512.6£82.8 ¢ 0.60+0.06° 7.3+1.0°  41.745.6°
Iw: Fx 187.4+25.8° 405.2+120.4° 0.55+0.09 7.9+1.0"  46.916.3°
Iw: Fx&CSTI | 184.8+19.2° 494.5+80.1 * 0.56+0.07 7.240.7°%  42.5+8.8°
3w: Fx 221.4+17.2° 456.3167.2° 0.43+0.06 6.910.8 42.6%4.0°
3w: Fx&CSTI | 196.8+12.8 * 388.0+85.1° 0.49+0.03 6.6£0.6"  43.6+6.2°
Table 1: Microvascular parameters in rat EDL-muscle following sham-
operation, fracture (Fx) and combined fracture and closed soft tissue
injury (Fx&CSTI)." p<0.05 vs. Controls, ANOVA and post hoc
Bonferroni correction; ° p<0.05 vs. fracture (Fx), t-test
Table 2: Results of biomechanical testing assessed in % of the
Torsional moment at failure stiffness energy absorption
(% contralat. tibia) (% contralat. tibia) (% contralat. tibia)
3 W: Fx 54.7+£153° 51.9+21.1 122.0£75.5°
3 W:Fx & CSTI 36.1£13.7 52.9427.4 47.4£32.1
6 W: Fx 112.5432.8*° 116.0433.2 *° 141.0£58.2*°
6 W: Fx & CSTI 97.5+42.4 *° 106.3+36.2° 99.1469.8

the controlled cortical impact technique (3). The rats were assigned
(n=6) to 4 groups (2h, 48h, 1 and 3 weeks after the trauma). The left
extensor digitorum longus (EDL) muscle was surgically exposed for in
vivo fluorescence microscopy (IVM). Non-injured, sham-operated rats
(n=6) served as controls. The EDL-muscle was scanned by IVM in 2mm
steps, i.e. 8 observation areas. For contrast enhancement of the vascular
network and for in vivo staining of leukocytes FITC-dextran and
rhodamine 6G was injected intravenously prior to each observation.
Microhemodynamic analysis included the determination of microvessel
diameters (D in pm), functional capillary density (FCD: length of
perfused capillaries per observation area, cm™), leukocyte-endothelial cell
interactions (number of sticking leukocytes per mm? of endothelial
surface) and microvascular permeability (macromolecular leakage).
Biomechanical torsional testings (destructive with intact soft tissue
envelope, expressed in % of the contralateral non-injured tibia, ZWICK,
Ulm, Germany) were performed in additional 40 rats at 3 and 6 weeks
following induction of either fracture (n=10 per time point) or fracture
with soft tissue trauma (n=10 per time point).

Results: Microcirculation of EDL-muscle in control rats demonstrated a
homogeneous perfusion with no capillary or endothelial dysfunction.
Closed tibial fracture resulted in a significant reduction of functional
capillary density in EDL-muscle. Microvascular diameter, leukocyte
adherence and macromolecular leakage were markedly increased,
indicating trauma—induced inflaimmation and endothelial disintegration
(Tab.1). In comparison, these changes were pronounced 2h and 48h
following injury in rats receiving combined fracture and soft tissue
trauma. Peak level in capillary leakage coincided with the maximum
leukocyte adherence at 48 hours post trauma. Following fractures with
soft tissue trauma, the microvascular deteriorations in skeletal muscle
were accompanied by a significantly decreased total failure load and the
energy absorption of rat tibia in the early fracture healing period (3
weeks) (Tab. 2). Regression analysis between quality of initial capillary
perfusion and biomechanical stability (total energy absorption at 3 weeks
after fracture) revealed a positive functional association (Fig. 1).

contralateral, non-injured tibia. * p<0.05 vs. 3 weeks (3W)—Fracture (Fx)
& CSTI; *p<0.05 vs. 3 weeks (3W)-fracture (Fx); t-test
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Figure 1. Regression analysis between functional capillary density at 2
hours post trauma and total energy absorbtion at 3 weeks post fracture as
well as fracture with soft tissue trauma. Values are means + SD.

R?, coefficient of determination

Conclusion: The results of the present study demonstrate for the first time
the in vivo-interaction of soft tissue trauma and fracture healing. It is
shown that initial trauma-induced microcirculatory disturbances and
leukocyte activation lead to a significant impairment in early bone
healing. These data further indicate a prognostic significance of the initial
microvascular dysfunction in surrounding soft tissue for delayed fracture
repair. The involvement of decreased skeletal muscle perfusion in
impaired bone repair and biomechanical stability provides an attractive
mechanism by which soft tissue trauma is linked to decreased fracture
healing response in presence of concomitant severe soft tissue damage.
During management of muskuloskeletal trauma this interaction may have
therapeutic  implications in view of protecting posttraumatic
microcirculation and preserving damaged soft tissues in order to
counteract decreased fracture healing.

Ref: 'Tscherne H. et al., Unfallh., (1983) 62: 163-175. % Bonnarens et al. J
Orthop Res (1984), 2: 97-101,° Schaser KD et al. J Orthop Res (1999),
17, 678-685
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EinfluB des traumatischen Weichteilschadens auf die
Frakturheilung: intravitalmikroskopische und biomechanische
Untersuchungen an der Ratte

Effect of soft tissue damage on fracture healing: intravital microscopic
and biomechanical investigations in rats
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Abstract

Introduction: Among the different factors adversely influencing the bone healing response the
associated soft tissue trauma is now increasingly attracting major interest, as it significantly
impaires fracture repair and decisively determines patient’s prognosis. Using intravitalmi-
croscopic analysis and biomechanical testings the present study was aimed to quantitatively assess
the impact of microcirculatory disturbances in skeletal muscle following closed soft tissue damage
on fracture healing. Methods: Standardized closed fracture of left tibia in anesthesized Spraque-
Dawley rats (n =48) was induced using a modified weight-drop-technique and intramedullary
stabilized by manual k-wire insertion. In 24 of these rats an additional standardized closed soft
tissue trauma at the anterolateral tibial compartiment was induced using the controlled cortical
impact technique. The rats were assigned (n=6) to 4 groups (2 h, 48 h, 1 and 3 weeks after the
trauma). Non-injured, sham-operated rats (n = 6) served as controls. The left extensor digitorum
longus (EDL) muscle was surgically exposed for in vivo fluorescence microscopy. Biomechanical
torsional testings were performed in additional 40 rats at 3 and 6 weeks following induction of
either fracture (n =10 per time point) or fracture with soft tissue trauma (n = 10 per time point).
Results: Closed tibial fracture resulted in a significant reduction of functional capillary density in
EDL-muscle. Microvascular diameter, leukocyte adherence and macromolecular leakage were
markedly increased, indicating trauma-induced inflammation and endothelial disintegration. In
comparison, these changes were pronounced 2h and 48 h following injury in rats receiving
combined fracture and soft tissue trauma. Following fractures with soft tissue trauma, the
microvascular deteriorations in skeletal muscle were accompanied by a significantly decreased
total failure load and the energy absorption of rat tibia in the early fracture healing period
(3 weeks). Conclusion: The results of the present study demonstrate for the first time the in vivo-
interaction of soft tissue trauma and fracture healing. It is shown that initial microcirculatory
disturbances and leukocyte activation lead to a significant impairment in early fracture healing.
The involvement of decreased skeletal muscle perfusion in impaired bone repair and
biomechanical stability provides an attractive mechanism by which soft tissue trauma is linked to
decreased fracture healing response in presence of concomitant severe soft tissue damage.
Consequently, this interaction may have therapeutic implications in view of protecting
posttraumatic microcirculation and preserving damaged soft tissue envelope in order to
counteract decreased fracture healing.
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Einleitung

Frakturen mit schweren Weichteilschdden und deren Folgezustédnde bestimmen entscheidend die
Prognose komplexer Extremititenverletzungen. Die klinische Erfahrung zeigt, dafl die
Weichteilschddigung dabei zentrale Bedeutung fiir das Frakturmanagement besitzt. Durch welche
spezifischen Pathomechanismen ein schwerer Weichteilschaden zu einer verzdgerten
Frakturheilung fiihrt ist unklar. Direkte quantitative Untersuchungen welche die Biomechanik
der Frakturheilung in Abhéngigkeit von der mikrovaskuldren Perfusion der umliegenden
Weichteile untersuchen fehlen bislang. Ziel der Untersuchungen war die quanitative Analyse des
pathogenetischen Einflufl der Mikrozirkulationsstorungen im Skelettmuskel nach geschlossenem
Weichteilschaden (gWTS) auf die Frakturheilung im Tiermodell der Ratte.

Material & Methoden

Am linken Unterschenkel von 48 SD-Ratten wurde mittels der Controlled-Impact-Technik eine
standardisierte geschlossene Weichteilverletzung (G III nach Tscherne) gesetzt. Bei 24 dieser Tiere
wurde zusitzlich eine standardisierte geschlossene Tibiaschaftfraktur (modifiziertes Fraktur-
modell n. Einhorn etal.) erzeugt und mittels intramedulldrer Kirschner-Drahtosteosynthese
stabilisiert. Zur intravitalen Fluoreszenzmikroskopie wurde der Musc. ext. digit.long. (EDL) am
Unterschenkel wurde pripariert. Die Untersuchung erfolgte 2 h; 48 h, 1 und 3 Wochen nach
Trauma bzw. Trauma mit Fraktur (jeweils n = 6). Nicht-traumatisierte Ratten (n = 6) dienten als
Kontrollen. Gemessen wurden die mikrovaskuldren Durchmesser, funktionelle Kapillardichte
(FCD), mikrovaskuldre Permeabilitit (leakage), sowie die Leukozyten-Endothelzell-Interaktion.
Biomechanische, torsionale Testungen (destruktiv mit intaktem Weichteilmantel, angegeben in
Prozent der gesunden Gegenseite; ZWICK, Ulm) erfolgten an jeweils weiteren 20 Tieren sowohl
mit Fraktur als auch Fraktur und Weichteilschaden (nach 3 und 6 Wochen, jeweils n = 10).

Resultate

In den Kontrolltieren fand sich eine homogene mikrovaskuldre Perfusion des Skelettmuskel ohne
Hinweis auf kapillare Dysfunktion oder erh6hte Leukozyten-Endothelzell-Interaktion. Sowohl die
geschlossene Weichteilverletzung als auch Fraktur bewirkte im Vergleich zu den Kontrollen eine
langanhaltende nutritive Perfusionsstorung, endotheliale Permeabilititsstérung und Entziin-
dungsreaktion iiber den gesamten Untersuchungszeitraum. Die geschlossene Tibiaschaftfraktur
mit geschlossenem Weichteiltrauma fithrte im Vergleich zu einfacher Fraktur zu einer
signifikanten Akzentuierung der kapilliren Dysfunktion und Leukozytenadhidrenz im
Skelettmuskel in der Frithphase nach Trauma (B Tabelle 1). Diese mikrovaskuldre Funktions-
stérung im Skelettmuskel war ferner mit einer in der Frithphase der Frakturheilung (3 Wochen)
signifikant reduzierter Versagenslast und Energieabsorption bei Frakturen mit Weichteilschaden
assoziiert (B Tabelle 2).

SchluB3folgerung

Die Ergebnisse demonstrieren erstmals in-vivo die Interaktion von traumatischem Weichteil-
schaden, nutritiver Perfusionsstérung und Frakturheilung. Sie zeigen, daf} diese frithen
Mikrozirkulationsstérungen der Weichteile zur Verminderung der biomechanischen Stabilitdt im
Verlauf der Frakturheilung fithren. Die Resultate lassen ferner die protrahierte Manifestation einer
Mikrozirkulationsstérung und Leukozytenaktivierung im Skelettmuskel als kausale, pathogen-
etische Determinanten fiir die verzgerte Heilung von Frakturen mit schwerem Weichteilschaden
vermuten. Effektive Behandlungsstrategien von Frakturen mit schwerem Weichteilschaden sollten
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O Tabelle1. B
FCD (cm ") Leukozytenadharenz Mikrovask. Diameter (um)
(1/mm?) Permeab.
(Leakage in %) Kapillare  Venole
Kontrollen 261,2 £ 25,6 181,5 + 65,3 0,41 + 0,08 55+0,1 253+79
2 h: Fx 191,7 = 31,4 350,9 + 68,7 0,56)0,042 59+0,5 40,3 + 10,3
2h: Fx & gWTS 149,8 + 15,12 636,5 &+ 121,9% 0,61 + 0,05 6,6 + 0,4*> 446 + 6,8°
48 h: Fx 185,2 + 21,32 504,5 + 149,72 0,61+ 0,042 6,8+ 152 46,1+ 3,9°
48 h: Fx & 154,8 + 12,9** 512,6 + 82,8° 0,60 + 0,06 73+10* 41,7+5,6°
gWTS
1 w: Fx 187,4 + 25,82 405,2 + 120,4° 0,55 4+ 0,09° 79+10* 469 +6,3°
Tw: Fx & 184,8 + 19,22 494,54+ 80,1° 0,56 + 0,07 72+0,7° 425+88?
gWTS
3w: Fx 221,4+17,2®  456,3 £ 67,2° 0,43 + 0,06 6,9 +0,8 42,6 +£4,0°
3w: Fx & 196,8 + 12,82 388,0 4+ 85,1° 0,49 + 0,03 6,6 £062 436+6,2°
gWTS

2p < 0,05 vs. Kontrollen, ANOVA;  p < 0,05 vs. Fraktur ohne geschlossenen Weichteilschaden (Fx ohne
gWTS), t-Test

D Tabelle2. W
Drehmoment Steifigkeit Energieabsorption
(% zur Gegenseite) (% zur Gegenseite) (% zur Gegenseite)
3 W: Fx 54,7 + 15,3° 51,9 + 21,1 122,0 + 75,52
3 W: Fx & gWTS 36,1 13,7 52,9 + 27,4 47,4 + 32,1
6 W: Fx 112,5 4+ 32,82b 116,0 & 33,22P 141,0 4 58,22
6 W: Fx & gWTS 97,5 + 42,42° 106,3 + 36,22 99,1 + 69,8

2p < 0,05 vs. 3Wochen (3W)-Fraktur (Fx) & geschlossenen Weichteilschaden (QWTS); ®p < 0,05 vs.
3 Wochen (3W)-Fraktur (Fx); t-Test

daher die Protektion der posttraumatischen Mikrozirkulation und des geschéddigten
Weichteilmantels zum Ziel haben, um in der Frithphase der Frakturheilung bessere
biomechanische Stabilitdt erreichen und einer verzogerten Frakturheilung entgegenwirken zu
konnen.

Korrespondenzadresse: Dr. med. Klaus-D. Schaser, Unfall- & Wiederherstellungschirurgie, Charité,
Medizinische Fakultit der Humboldt Universitit zu Berlin, Campus Virchow, Augustenburger
Platz 1, 13353 Berlin, Germany, Tel.: +49-30-450 552098; Fax: +49-30-450 552958, e-mail:
klaus-dieter.schaser@charite.de



3.2 Therapeutische Ansatze zur Reduktion der mikrovaskularen
Dysfunktion im Skelettmuskel der Ratte nach geschlossenem
Weichteiltrauma

Pathophysiologisch zeigen das postischamische Reperfusionssyndrom, der
traumatisch-hamorrhagische Schock (generalisierte Mikrozirkulationsstérung und
systemische Entzindung im Sinne einer "Ganzkoérperischamie - Reperfusion”) und
das geschlossene Weichteiltrauma ahnliche mikrovaskulare Reaktionsmuster. Der
Einsatz von Substanzen, die eine Verbesserung der Organperfusion und Reduktion
der postischamischen Leukozytenadharenz bewirken, scheint daher auch beim

traumatischen Weichteilschaden viel versprechend.

Konkret wurden hier hypertone-hyperonkotische Losungen, N-Acetylcystein als
Antioxidans, Glutathionprecursor und Radikalfanger (3, 23, 29, 101, 147, 151) und
Cyclooxygenase (COX)-2-Inhibitoren (12, 166) hinsichtlich der Therapieeffektivitat
zur Verringerung des Sekundarschadens untersucht (81, 102, 103, 106, 189).

3.2.1 Reduktion der Mikrozirkulationsstorung im Skelettmuskel der Ratte
nach geschlossenem Weichteiltrauma durch ,small volume

resuscitation

Bei komplexen Extremitatenverletzungen wird eine traumatisch bedingte
Minderperfusion der Weichteilschadens- und Frakturregion als grundlegender
pathogenetischer Faktor fur verzdogerte Heilung angesehen (34, 53, 56, 83, 96, 98,
178). Die Reduktion der posttraumatischen mikrovaskularen Perfusionsstérungen
konnte damit einen kausaltherapeutischen Ansatz zur Behandlung des
geschlossenen  Weichteiltraumas darstellen. Unter dem  Aspekt, dass
hamorrhagischer Schock und Weichteiltrauma vergleichbare systemische und
lokale mikrovaskulare Perfusionsstorungen zeigen, scheint die Behandlung des
Weichteiltraumas mit Substanzen, die zur Aufhebung schockspezifischer

Mikrozirkulationsstorungen fuhren, sinnvoll.

In Versuchen, die eine sofortige Applikation einer ,small volume resuscitation®
(7.2% hypertone NaCl und 10% Hydroxyethylstarke, Hyperhaes®) untersuchten,
gelang der Nachweis der Verringerung des Sekundarschadens nach isolierter

geschlossener Weichteilschadigung. Diese intravitalmikroskopischen und Laser-
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Doppler-Flowmetrischen  Untersuchungen =zeigten eine nahezu komplette
Wiederherstellung der posttraumatisch  deutlich reduzierten funktionellen
Kapillardichte auf nahezu das Niveau unverletzter Kontrolltiere. Zusatzlich konnte
auch eine Abnahme der posttraumatisch gesteigerten mikrovaskularen
Permeabilitat und der endothelialen Leukozytenadharenz als Zeichen einer
reduzierten endothelialen Permeabilitatsstorung und zellularen

Entzindungsreaktion demonstriert werden.

Weitere Laser-Doppler-Flowmetrische Untersuchungen des Blutflusses und
Odembestimmungen des verletzten EDL-Muskels der Ratte mittels Trocken-

Feuchtgewicht bestatigten diese Therapieerfolge.

Die in diesen und vorherigen Untersuchungen aufgezeigten mikrovaskularen
Pathomechanismen in der Ausbildung des Sekundarschadens nach
Weichteiltrauma konnten somit als therapeutische Angriffspunkte identifiziert und

erfolgreich genutzt werden.
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major pathway of closed soft-tissue injury is failure

of microvascular perfusion combined with a
persistently enhanced inflammatory response. We
therefore tested the hypothesis that hypertonic
hydroxyethyl starch (HS/HES) effectively restores
microcirculation and reduces leukocyte adherence after
closed soft-tissue injury. We induced closed soft-tissue
injury in the hindlimbs of 14 male isoflurane-
anaesthetised rats. Seven traumatised animals received
7.5% sodium chloride-6% HS/HES and seven
isovolaemic 0.9 % saline (NS). Six non-injured animals
did not receive any additional fluid and acted as a
control group. The microcirculation of the extensor
digitorum longus muscle (EDL) was quantitatively
analysed two hours after trauma using intravital
microscopy and laser Doppler flowmetry, i.e.
erythrocyte flux. Oedema was assessed by the wet-to-
dry-weight ratio of the EDL.

In NS-treated animals closed soft-tissue injury resulted
in massive reduction of functional capillary density (FCD)
and a marked increase in microvascular permeability and
leukocyte-endothelial cell interaction as compared with
the control group. By contrast, HS/HES was effective in
restoring the FCD to 94% of values found in the control
group. In addition, leukocyte rolling decreased almost to
control levels and leukocyte adherence was found to be
reduced by ~50%. Erythrocyte flux in NS-treated animals
decreased to 90 = 8% (mean SEM), whereas values in the
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HS/HES group significantly increased to 137 + 3%
compared with the baseline flux. Oedema in the HS/HES
group (1.06 + 0.02) was significantly decreased compared
with the NS-group (1.12 + 0.01).

HS/HES effectively restores nutritive perfusion,
decreases leukocyte adherence, improves endothelial
integrity and attenuates oedema, thereby restricting
tissue damage evolving secondary to closed soft-tissue
injury. It appears to be an effective intervention,
supporting nutritional blood flow by reducing trauma-
induced microvascular dysfunction.

J Bone Joint Surg [Br] 2003;85-B:126-32.
Received 7 November 2000; Accepted after revision 26 February 2002

Clinically, there is emerging consensus that high levels of
morbidity after complex injuries to the limbs are directly
related to the severity of soft-tissue injury.]’2 Previous stud-
ies have shown that the propagation of closed soft-tissue
injury is preceded by a drastic reduction of functional capil-
lary density (FCD) and a marked increase in leukocyte-
endothelial-cell interaction as well as microvascular leak-
age.2'4 Similar microcirculatory disturbances have been
found to promote tissue damage in skeletal muscle in
response to a variety of stimuli such as ischaemia-
reperfusions’6 or infection.” A major limitation, however, in
the treatment of severe soft-tissue damage in trauma
patients, is the general lack of effective tools for the rapid
restoration of tissue perfusion and reduction of trauma-
induced inflammation. At present, the clinical management
of severe soft-tissue trauma mainly relies on serial radical
debridement of tissue which is necrotic or becomes necrotic
during the clinical course.!

The ability of hypertonic-hyperoncotic solutions (i.e.
exerting a higher than physiological plasma osmotic and
oncotic pressure) to restore tissue perfusion and organ func-
tion efficiently and rapidly after haemorrhagic shock®10
and severe injury”']3 is now well recognised, but there is
no information regarding their ability to improve efficiently
the microcirculation of skeletal muscle after severe blunt
trauma to the limbs. These observations have led to the
hypothesis that hypertonic-hyperoncotic fluids may simulta-
neously exert a significant protective effect on post-trau-
matic microvascular haemodynamics, the leukocyte
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response, and the formation of oedema in skeletal muscle
which, in turn, may positively influence tissue perfusion.
We have therefore determined quantitatively the acute
effectiveness of treatment with hypertonic hydroxyethyl
starch (HS/HES) on the microcirculation, the leukocyte-
endothelium interaction and the formation of oedema in
skeletal muscle after severe closed soft-tissue trauma and
compared this with treatment with normal saline (NS).

Materials and Methods

Animal model, impact device and surgical preparation.
All experimental procedures were performed with the per-
mission of the local animal rights protection authorities and
in accordance with NIH guidelines for the use of laboratory
animals. We induced severe standardised closed soft-tissue
injury in the anterolateral tibial compartment of the left
hindlimb of anaesthetised male Sprague-Dawley rats (iso-
flurane 1.5 vol.%, N,O 0.5 I/min and O, 0.3 I/min) using the
computer-assisted controlled impact-injury technique. The
controlled impact-injury device, which was originally
developed for the induction of severe brain injury,14
employs a high-pressure pneumatic impactor which repro-
duces the clinical situation of severe closed soft-tissue
injury caused by high-velocity trauma. The impact parame-
ters were selected as follows: impact velocity of 7 m/s,
deformation depth of 11 mm and impact duration of 100 ms
with an impactor diameter of 11 mm. The optimal absorp-
tion of impact energy by the soft tissue of the rat hindlimb
was guaranteed by fixation of the limb in plastic form
(exactly moulded like the hindlimb) tightly mounted to the
table of the impact device. The left carotid artery and right
jugular vein were cannulated with polyethylene catheters
(PE50, 0.58 mm inner diameter; Portex, Hythe, UK) for
continuous haemodynamic monitoring and intravenous
administration of fluid and fluorescence markers. The exten-
sor digitorum longus (EDL) of the left hindlimb was pre-
pared for intravital fluorescence microscopy modified to the
technique as previously described!? allowing horizontal
positioning of the EDL and constant focus level for the
microscopic procedure.
Experimental groups and protocol. We induced severe
closed soft-tissue injury in 14 rats. Six non-traumatised,
sham-operated animals served as a control group. The rats
were allocated randomly to three treatments: trauma fol-
lowed by hydroxyethyl starch (HS/HES); trauma followed
by normal saline (NS); and controls with no trauma. Before
the EDL was surgically exposed, the intramuscular pressure
within the antero- and posterolateral tibial compartment (8
mm beneath the skin surface) was measured percutaneously
(45 minutes after injury) using a microsensor catheter (0.7
mm outside diameter, Codman microsensor; Johnson &
Johnson Professional Inc, Raynham, Massachusetts).

After a period of stabilisation of 15 minutes, the macro-
haemodynamics, arterial blood gases and blood chemistry
were determined and laser Doppler flowmetry was per-
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formed. These procedures took place 1.5 hours after trauma
before treatment. Seven traumatised animals were then
infused intravenously over 15 minutes with 7.2% sodium
chloride-10% HS/HES (4 ml/kg body-weight; Hyperhaes,
Fresenius GmbH, Bad Homburg, Germany)10’11’16 and
seven with the equivalent volume of NS (0.9% NaCl; Braun
Melsungen AG, Melsungen, Germany). There was no sig-
nificant difference in the administered volume per animal
between the NS (1.3 + 0.1 ml) and the HS/HES (1.2 + 0.1
ml). The six non-injured, sham-operated rats in the control
group received no additional fluid. The concentration of HS/
HES was 10% with a molecular weight of 200 000 and a
degree of substitution of 0.6, i.e. the ratio of substituted
(hydroxylated) glucose units to the total number of glucose
molecules.!” HS/HES is a derivative of amylopectin and
was chosen as the colloid component instead of dextran or
albumin because of its enhanced ability to protect endothe-
lial cells from inflammatory activation and subsequent dys-
function.!” Furthermore, dextran is known to induce severe
anaphylaxis18 and albumin may increase leakage from
microvessels, adversely affecting haemostasis and possibly
increasing mortality. 19

After the period of infusion the macrohaemodynamics,
arterial blood gases, and blood chemistry were again deter-
mined and laser Doppler flowmetry of all animals per-
formed once more, two hours after injury, 30 minutes after
treatment. The EDL was then sequentially scanned proxi-
mally to distally in 2 mm increments by intravital fluores-
cence microscopy to allow recording of microcirculatory
images for nutritive capillaries and postcapillary venules.
Microcirculatory recordings for nutritive capillaries and
postcapillary venules of at least eight video-frames of each
EDL muscle were taken and the values averaged per animal.

At the end of each experiment, the animals were killed

and laser Doppler flowmetry of the non-perfused EDL
muscle performed finally to assess the biological zero.?Y
Thereafter, the EDLs of both hindlimbs were removed for
determination of the oedematous weight gain.
Intravital fluorescence microscopy. For visualisation of
the microcirculation of the EDL we used an intravital fluo-
rescence microscope (Optiphot; Nikon, Tokyo, Japan) with
a water-immersion objective (203, Nikon). The surface of
the EDL was epi-illuminated by a high-pressure mercury
lamp (100 W) and fluorescence emission of fluorescein-iso-
thiocyanate (FITC)-dextran (450 to 490 nm/>580 nm) and
rhodamine (530 to 560 nm/>580 nm) was detected by
means of an appropriate filter system. Microcirculatory
images were recorded using a CCD videocamera (FK 6990-
1Q; Pieper, Schwete, Germany) and transferred to an SVHS
videorecorder (HR-S4700EG/E; JVC, Friedberg, Germany)
for off-line analysis. The final magnification on the video
screen was 940-fold.

For contrast enhancement of the microvascular network
and for in vivo staining of leukocytes a single bolus of
FITC-labelled dextran (5%, 150000 mol wt; 15 mg/kg
body-weight; Sigma Chemical, Deisenhofen, Germany) and
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Table I. Mean (+ SEM) arterial blood pressure (mmHg) and heart
rate (beats/min) of isoflurane anaesthetised animals, continuously
recorded and averaged for the entire study period

Mean arterial

Group blood pressure Heart rate
Control 1075 254+ 10
NS 90 x4 304 =10
HS/HES 95x2 299 + 18

rhodamine 6G (0.1%, 0.15 mg/kg body-weight; Sigma
Chemical) was injected intravenously.21 Duration of contin-
uous light exposure per observation area was limited to 60
seconds at maximum.

Microcirculatory analysis. The videotaped microcircula-
tory images were analysed off-line for the diameters of
microvessels, FCD, microvascular permeability (macromo-
lecular leakage) and red blood cell velocity (Vgpc) using a
computerised microcirculation image-analysis system
(Caplmage; Zeintl, Heidelberg, Gerrnany).22 FCD was
quantified by the length of FITC-dextran-perfused capillar-
ies per observation area (cm™). Microvascular permeability
(macromolecular leakage) was expressed as the ratio of
fluorescence-intensity, selected from the perivascular area to
the corresponding intravascular area (plasma gaps between
erythrocytes).

Using the PC-associated image-analysis system we
determined centreline red blood cell velocity (VRpc.cen-

. ) in the capillaries and venules of skeletal muscle.512
treline p
The mean red blood cell velocity for each vessel (Vgpc.
mean) and video field was calculated as V ean = Veentreline/
1.6. Venular wall shear rate as a function of the disperse
force on rolling leukocytes was calculated as follows: shear
rate = 8 X Vean/D, Where V.., is mean erythrocyte veloc-
ity and D is venular diameter.”

The number of rolling and adherent leukocytes as well as

the total leukocyte flux were counted for 30 seconds along a
vessel segment of 100 mm. Leukocyte rolling was defined
as the slow passage of leukocytes rolling along the vessel
wall with a velocity less than 40% of centreline velocity24
and expressed as the percentage of rolling cells to total leu-
kocyte flux. Adherence of leukocytes was defined by non-
moving leukocytes with a stable contact to the endothelial
lining of postcapillary venules for at least 20 seconds.
Assuming cylindrical microvessel geometry, leukocyte
adherence was expressed as the number of non-moving leu-
kocytes per endothelial surface (cells/mm?), calculated from
the diameter and length (100 mm) of the vessel segment
analysed.
Laser Doppler flowmetry. Erythrocyte flux was measured
using a dual-channel laser Doppler monitor (DRT4; Moore
Instruments, Axminster, UK; needle probe DP4, 780-820
nm, external diameter 0.8 mm) and expressed as percentage
of baseline (pretreatment flux values). By means of a three-
dimensional micromanipulator, the EDL was sequentially
scanned in increments of 1 mm reaching at least 20 meas-
urements per EDL.

Table II. Time-related changes in arterial haematocrit (%), acid-base
excess (BE), arterial pH, serum sodium, potassium and chloride
concentrations (nmol/l), creatine kinase (CK) and arterial lactate at
baseline, in response to trauma and at 30 minutes after treatment. Values
are expressed as mean + SEM

2 hours
1.5 hours after trauma
after trauma (30 minutes
(before after
Group Baseline treatment) treatment)
Haematrocrit (%)
Control 41.1+1.2 - -
NS 395+ 1.6 379+1.2 353+1.4
HS/HES 41.1+x1.2 39.6 + 1.0 28.9 + 1.4%§%
BE (mmol/l)
Control 2.8+0.7
NS 44+038 0.03 £0.7 -1.0 £ 1.5%
HS/HES 2.0+0.8 03+14 -1.6 £ 0.9%
pH
Control 7.43 +0.02 - -
NS 7.44 +0.01 7.38 +0.02 7.36 +0.04
HS/HES 7.43 +0.02 7.39 +0.03 7.35 +0.02*
Serum Na* (nmol/l)
Control 140.5+ 1.5 -
NS 139.8 £0.5 1377+ 1.1 139.7+£ 1.0
HS/HES 138.7 1.1 136.7 £ 0.4 146.9 + 0.69*t%
Serum K* (nmol/1)
Control 4.1+0.7 - -
NS 41+0.2 48+0.2 45+0.2
HS/HES 45+0.2 48+0.3 43+0.3
Serum CI™ (nmol/l)
Control 102.7 £ 0.6 - -
NS 103.8 0.5 102.7 £ 0.7 107.2+1.2
HS/HES 102.9+0.9 103.3+04 119.0 £ 0.6*F%
CK (U/L)
Control 67.6 5.7 - -
NS 903+ 11.8 188.3 £ 15.8% 174.6 £28.5%
HS/HES 80.5+9.2 245.0 £37.8% 238.7 +£54.9%
Lactate (mg/dl)
Control 19.5+2.1 - -
NS 16.3 +0.7 140+1.8 122+1.9
HS/HES 203+23 199+ 1.7 17.1£3.2

*p < 0.01 versus baseline
Tp < 0.01 versus 1.5 hours after trauma
+p <0.05 versus NS

Blood sampling. Arterial blood samples were taken before
(baseline) and at 1.5 hours and at two hours after injury, 30
minutes after administration of either HS/HES or NS. Arte-
rial blood gases were assessed using a blood-gas analyser
(ABL 300; Radiometer, Copenhagen, Denmark). Plasma
electrolyte concentrations were measured using a potentio-
metric test. Based on enzymatic ultraviolet methods the
levels of plasma lactate were obtained by a colorimetric test
(540 nm) whereas the activity of creatine kinase (CK) was
determined by a multiple-point kinematic test (670 nm) (Vit-
ros products chemistry; Eastman Kodak Company, Roches-
ter, New York).

Determination of the formation of skeletal muscle
oedema. Oedematous weight gain was assessed by measur-
ing the wet-to-dry-weight ratio of injured and non-injured
EDLs. After determination of wet weight the EDLs were
dried for 24 hours in a laboratory oven (80°C) and weighed
again (dry weight). Stable dry weight was found after 24
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Table III. Intramuscular pressure percutaneously measured in mm
Hg 45 minutes after trauma in the ventral and dorsal tibial
compartment of rat hindlimbs and oedematous weight gain of the
EDL as expressed by the oedema index (wet-to-dry-ratio of
experimental versus contralateral EDL)

Intramuscular pressure

Group Ventral Dorsal Oedema index
Control 63+04 51+06 1.01 £0.03

NS 21.5+0.8* 11.7+0.6 1.11 £0.01*
HS/HES 20.7 £ 0.4* 9.1+0.6%*  1.06+0.027

*p < 0.05 versus control
Tp < 0.05 versus NS

hours in all animals. The formation of oedema was finally
expressed by the wet-to-dry-weight ratio of injured versus
non-injured EDL (oedema index).

Statistical analysis. All time points within a group were
analysed by a paired #-test, including Bonferroni correction
for repeated measurements which involved dividing the
threshold p value by 3 (k = 3 as the number of pairwise
comparisons performed between the three repeated meas-
ures on the same rat). For differences between NS, HS/HES
and control groups we performed ANOVA for independent
samples followed by the post-hoc Tukey-test for multiple-
comparison procedures. Erythrocyte flux between the HS/
HES and NS groups was compared using the unpaired z-test.
All values were given as mean = SEM. Statistical signifi-
cance was set at p < 0.05.

Results

Macrohaemodynamics and blood parameters. The mean
arterial blood pressure and heart rate of the experimental
groups remained stable within the normal range without sig-
nificant changes between groups throughout the entire study
period when compared with the non-injured animals (Table
I). Before treatment there were no significant differences
between the two experimental groups as to blood gases and
blood chemistry. In both experimental groups trauma led to
a significant increase in the levels of creatine kinase and a
slight development of metabolic acidosis (Table II). Treat-
ment with HS/HES, however, was associated with a signifi-
cant decrease in haematocrit and pH when compared with
administration of NS. Simultaneously, haemodilution with
HS/HES was paralleled by a significant increase in the con-
centration of serum sodium and chloride when compared
with NS-treated animals (Table II).

Intramuscular pressure. As early as one hour after the
induction of closed soft-tissue injury intramuscular pressure
within the anterior and posterior tibial compartment was
significantly increased in groups receiving NS or HS/HES
when compared with the control group. However, at no time
point of analysis did the closed soft-tissue injury result in
intramuscular pressure exceeding 30 mm Hg indicating a
compartment syndrome (Table III).

Post-traumatic skeletal muscle microcirculation and
small volume infusion of HS/HES. The post-traumatic
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Graphs showing a) mean (+SEM) FCD (length of erythrocyte perfused capil-
laries per observation area) and b) mean (+SEM) microvascular permeability
(venular macromolecular leakage of FITC-dextran) analysed densitometri-
cally by the ratio of extra- to intravascular fluorescence intensity in rat skel-
etal muscle under control conditions and at two hours after trauma, i.e. 30
minutes after treatment with either NS or HS/HES (p < 0.05 v control).

microcirculation in skeletal muscle in NS-treated animals
was characterised by a significant reduction in the FCD and
a trend towards enhanced microvascular permeability as
compared with the control group (Fig. 1). In the NS-treated
group, impairment of nutritive perfusion was further accom-
panied by a marked increase in trauma-induced leukocyte-
endothelial cell interaction compared with the control
group. Both leukocyte rolling and adherence were primarily
restricted to the endothelium of postcapillary venules and
increased by nearly two- and sixfold (Fig. 2). These micro-
vascular deteriorations were significantly improved when
animals were treated with HS/HES. As early as 30 minutes
after administration of HS/HES the FCD was restored to
94.7% of values found in the sham-operated control group
(Fig. 1). Analysis of microvessel diameter revealed a signif-
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Leukocyte-endothelial cell interaction in postcapillary venules of rat EDL
under control conditions (non-injured animals) and after treatment with ei-
ther NS or HS/HES at two hours after injury. Leukocytes were stained in
vivo by rhodamine 6G. Figure 2a — Mean (+SEM) number of rolling leuko-
cytes and b) mean (+SEM) number of adherent leukocytes per mm* endothe-
lial surface (p* < 0.05 v control, p# < 0.05 v NS).

icant increase in capillary diameter in the EDL of NS-
treated animals when compared with the control group
whereas in animals of the HS/HES group, the lumenal
diameter of the capillaries remained relatively unchanged
(Table IV). Red blood cell velocity in both nutritive capillar-
ies and postcapillary venules did not change significantly on
treatment with HS/HES when compared with NS. Trauma-
induced leukocyte rolling in HS/HES-treated animals
decreased almost to the baseline levels of the non-trauma-
tised control group, and leukocyte adherence was signifi-
cantly attenuated by approximately 50% compared with the
NS group (Fig. 2). Venular shear rate showed no significant
difference between both groups (Table IV).

Laser Doppler flowmetry. Post-traumatic erythrocyte flux
in the EDL of animals receiving HS/HES showed a signifi-

Table IV. Mean (+ SEM) lumenal diameter and mean (x SEM) red blood
cell velocity in capillaries and venules as well as calculated postcapillary
wall shear rate in rat skeletal muscle after severe closed soft-tissue trauma

Red blood cell velocity Shear rate

Diameter (um) (mm/sec) (1/sec)
Group Capillaries Venules Capillaries Venules (venules)
Control  5.0x0.1 223+19 020+0.01 0.23+0.03 88.1+13.8
NS 54+£02% 241+x14 0.17+£0.04 025+0.03 117.0+£13.3

HS/HES 5.1+04 20513 0.15+0.01 028+0.04 943=x13.5

*p < 0.05 v control

cant increase by one-third of preinfusion flux values,
whereas flux values after treatment with NS declined below
the baseline level (preinfusion flux values) (Fig. 3).
Formation of oedema. In the non-injured, sham-operated
control group, negligible oedema within skeletal muscle
was found two hours after trauma. The NS-treated trauma-
tised animals, however, showed a significant increase in the
oedema index. By contrast, formation of oedema in the HS/
HES-treated group was significantly decreased (Table III).

Discussion

Intramuscular pressure. The fact that closed soft-tissue
injury was equally pronounced in both groups points to a
standardised induction of closed soft-tissue injury by the
controlled impact-injury technique as a precondition for
comparing effects of different treatments.
Systemic haemodynamics and blood parameters. Con-
trary to previous studies of traumatic haemorrhagic shock
and hypotension in which hypertonic-hyperosmotic solu-
tions were shown rapidly and efficiently to restore severely
depressed macrohaemodynamics,8’12’13’25 in our study the
mean arterial blood pressure and heart rate were not affected
by infusion of HS/HES. Normovolaemic conditions and the
missing systemic fluid imbalance between the intra- and
extracellular space have already been discussed as possible
factors accounting for the lack of macrohaemodynamic
changes.zs’26

The significant decrease in haematocrit in HS/HES-
treated animals presumably reflects the ability of HS/HES to
initiate a rapid shift of fluid from the intracellular to the
extracellular-intravascular compal’[ment,9 thereby causing
marked haemodilution and improvement of blood fluidity.
Furthermore, apart from reduction in endothelial cell swell-
ing this osmotic gradient also seems to draw fluid from the
erythrocytes. This possibly decreases red blood cell volume,
reduces hydraulic flow pressure and may in part contribute to
rheological improvement in microvascular perfusion and
faster washout of toxic metabolites including free radicals
and proinflammatory cytokines. The apparently negative
side-effect of a significantly decreased pH in the HS/HES
group is thought to be related to a hyperchloraemic meta-
bolic acidosis'® since lactate levels and arterial blood gases
were within the normal range and did not differ between
groups.
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Mean (+SEM) change in blood flow (erythrocyte flux measured by laser Dop:
pler flowmetry) of rat EDL two hours after trauma and 30 minutes after treat:
ment with either HS/HES or NS (p# < 0.05 v NS).

The observation that hypertonic-hyperosmotic infusions
are detrimental under some circumstances,”’ yet protective
in others®!% 1323 indicates potential risks of treatment with
such fluids. These are specifically relevant in critically
injured, dehydrated and high-risk patients28 and seem to be
related to an increased plasma osmolarity and hypokalaemia
causing cardiac arrhythmia and a metabolic acidosis
induced by an increased plasma chloride anion load, thereby
augmenting pre-existing acidosis.'® In severely injured
patients, however, there is now increasing consensus that
selective and only primary application of these fluids
appears to have a good risk-to-benefit ratio and gives better
patient survival'>!® when tailored to the underlying circula-
tory state.10-16
Post-traumatic skeletal muscle microcirculation. The
observation that microvascular disturbances of skeletal
muscle may be considered to be a starting point for develop-
ing tissue damage after severe standardised closed soft-
tissue injury confirms previous studies.>* They are likely to
be the consequence of several factors, including direct
destruction of microvessels, microvascular thrombosis and
decreased nutritive capillary perfusion, persistently
enhanced leakage and leukocyte-endothelial cell interaction
leading to increased oedema and tissue pressure. Together,
these factors appear progressively to impede the viability
and function of the entire skeletal muscle.

In our study we have shown that HS/HES acutely amel-
iorates the post-traumatic microcirculation by increasing the
FCD and endothelial integrity. These beneficial effects on
nutritional blood flow possibly illustrate the essential princi-
ple of small volume resuscitation which is thought to func-
tion primarily by an osmotically-induced fluid shift into the
intravascular compartment.9’10 On the microcirculatory
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level this could attenuate tissue oedema, reduce intercapil-
lary distance and tissue pressure, and enhance blood fluidity
because of a decreased hydraulic flow resistance. From this
it may be argued that HS/HES exerts its beneficial effects in
closed soft-tissue injury by maintaining adequate perfusion
or even reopening capillaries which otherwise would remain
collapsed. In studies showing reversal of shock- or ischae-
mia-induced capillary narrowing by hypertonic-hyperon-
cotic solutions this has been interpreted as direct evidence
of the ability of HS/HES to reduce swelling of endothelial
cells.®?® In our study, however, lumenal capillary diameters
were found to be unchanged in response to HS/HES. This
suggests that the cellular basis of the HS/HES-mediated
protection of the post-traumatic microcirculation differs
partly from the HS/HES-induced mechanisms responsible
for reversal of shock-®? or ischaemia-induced capillary dys-
function.?%2°

Previous studies have shown that although endothelial
integrity is deranged immediately after closed soft-tissue
injury, microvascular permeability displays a gradual
increase with significant peak levels not earlier than 24
hours after injury.3’4 Thus, it is conceivable that two hours
after closed soft-tissue injury, i.e. one hour of treatment with
HS/HES, macromolecular leakage is just about to increase
and initial changes are too small to reveal a significant dif-
ference.

Treatment of severe closed soft-tissue injury with HS/
HES did not significantly affect capillary and venular red
blood cell velocity. These findings are in line with previous
studies. Using hyperosmolar saline dextran for the treatment
of reperfusion injury in striated muscle of hamsters, Nolte et
al*® also found no effect on blood flow velocity when com-
pared with normal saline.

In addition, HS/HES was also shown significantly to
reduce the accumulation and adherence of leukocytes to the
endothelium of postcapillary venules, which have been
shown to be critically involved in the generation of
postischaernicf”w’31 and post-traumatic microvascular
injury.4 These leukocyte-mediated pathways, including pro-
duction of reactive O, radicals, expression of adhesion mol-
ecules, and increase in hydraulic flow pressure because of
microvascular adherence®” are promoting a persistent pro-
inflammatory state with subsequent tissue damage.
Although HS/HES induced significant haemodilution (hae-
matocrit 28% v 35%) red blood cell velocity was only
slightly shifted to higher values and calculated venular wall
shear rates were comparable between both experimental
groups. Therefore it is likely that the difference in the
number of rolling and adherent leukocytes did not solely
result from changes in physical forces or rheological char-
acteristics, counteracting leukocyte-endothelial cell contact.
Direct evidence for this selective inhibitory effect of HS/
HES on leukocyte-endothelial cell interaction in trauma-
tised skeletal muscle has not been provided so far. Specifi-
cally, the lower microvascular haematocrit associated with a
decreased margination of leukocytes within the bloodstream
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causing less endothelial contact appears to be one principal
cause for reduced leukocyte adherence after treatment with
HS/HES.?-32

Erythrocyte flux as assessed by laser Doppler flowme-
try is calculated from the product of velocity and concen-
tration of moving blood cells.?% Red blood cell velocity in
capillaries and postcapillary venules remained unchanged
in response to HS/HES when compared with NS (Table
IV). Therefore, the significant HS/HES-induced increase
in erythrocyte flux possibly reflects the enhanced total
blood cell movement (concentration) caused by the
increase in length and number of perfused capillaries, i.e.
the FCD.

However, the results should be interpreted with reference
to the fact that only acute effects of HS/HES on the micro-
circulation were analysed. Further investigations are
required to analyse whether the initial boosting effects of
HS/HES on the post-traumatic microcirculation are only
transient in nature or will indeed last and significantly
improve the net biological response over time.

In conclusion, our findings provide evidence that acute

microvascular deteriorations, trauma-induced inflammatory
response and tissue oedema after closed soft-tissue injury
may be effectively reversed by small volume infusion of
HS/HES. They reinforce the concept that the post-traumatic
microcirculation may serve as a target for therapeutic inter-
ventions. Therefore, the appropriate use of HS/HES after
severe closed soft-tissue injury appears to be an effective
primary intervention which may support tissue perfusion
and protect soft tissue from regional shock phenomena by
prevention of microvascular dysfunction.
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3.2.2 Therapieeffektivitat hypertoner-hyperonkotischer Losungen bei
Storungen der Mikrozirkulation nach Weichteiltrauma und
hamorrhagischem Schock

Wie initiale Studien zeigen konnten, kommt es beim traumatischen geschlossenen
Weichteilschaden zur protrahierten Ausbildung eines ,lokalen Schockzustandes®
mit vergleichbaren, jedoch regionalen Mikrozirkulationsstorungen. Inwieweit jedoch
ein zusatzlich zur Weichteilverletzung vorliegender Schock zu einer Akzentuierung
der traumatisch induzierten Mikrozirkulationsstorungen flhrt, war bislang unklar.
Aulerdem sollten hyperosmolare-hyperonkotische Losungen hinsichtlich ihrer
Fahigkeit zur ,Resuscitation® und lokalen Protektion der Mikrozirkulation nach
schwerem geschlossenem Weichteiltrauma und gleichzeitig induziertem
hamorrhagischen Schock untersucht werden. Diese Untersuchungen konnten
nachweisen, dass hypertone-hyperonkotische Losungen zu einer Reduktion der
durch hamorrhagischen Schock verstarkten mikrovaskularen Perfusionsstorungen
und Leukozyten-Endothelzellinteraktion im traumatisierten Skelettmuskel fuhren
(46).

Erstmals wurde in dieser Studie eine massive Schock-induzierte Zunahme der
NADH-Autofluoreszenz beobachtet, was auf ein mikrovaskulares
Perfusionsversagen hinweist. Eine Regressionsanalyse zwischen funktioneller
Kapillardichte und NADH demonstrierte eine signifikante inverse Korrelation.
Deutlich  reduzierte  NADH-Autofluoreszenzwerte nach  Behandlung  mit
hyperonkotischer und hypertoner-hyperosmolarer Losung im Vergleich zu
unbehandelten oder NaCl-behandelten Schocktieren bestatigten eine verbesserte

nutritive Perfusion und Sauerstoffversorgung des Gewebes (46).

Hamorrhagische Schocksituationen und komplexe Extremitatenverletzungen mit
ausgedehnten Weichteilschaden weisen bei polytraumatisierten Patienten eine
hohe Koinzidenz auf. In diesem Zusammenhang konnten diese Ergebnisse zur
Entwicklung neuer spezifischer Therapieansatze in der klinischen Praxis dienen
und der prognostisch relevanten Interaktion von traumatischer Weichteilverletzung

und traumatisch-hamorrhagischer Schocksituation Rechnung tragen.
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Efficiency of small-volume resuscitation

in restoration of disturbed skeletal muscle
microcirculation after soft-tissue trauma
and haemorrhagic shock

Abstract Background and aims:
Despite advances in primary care,
trauma in conjunction with shock
remains the leading cause for mor-
bidity and mortality of young adults
in western countries. Herein, we
report on the efficiency of small-
volume resuscitation to improve
compromised perfusion of trauma-
tised skeletal muscle tissue in shock.
Methods: In pentobarbital anaes-
thetised, mechanically ventilated rats,
closed soft-tissue trauma of the right
hind limb was induced, followed by
induction of haemorrhagic shock
[mean arterial blood pressure (MAP)
40 mmHg for 1 h]. For resuscitation,
animals received saline (four-times
the shed blood volume/20 min), 10%
hydroxyethyl starch (HES) 200/0.5
(equal to shed blood volume/5 min)
or 7.2% sodium chloride/6% hy-
droxyethyl starch 200/0.5 (Hyper-
HES; 10% of shed blood volume/

2 min). At 2 h of resuscitation,
traumatised skeletal muscle tissue
was analysed by in vivo microscopy.
Non-resuscitated animals served as
shock controls. Results: Despite in-
complete restoration of systemic
blood pressure, HyperHES was su-

Introduction

Car accidents are the most frequent cause of polytrau-
matising injuries in the European countries. These
patients often suffer from lesions of the central organs,
bone fractures and concomitant soft-tissue trauma. Beside

perior to saline, but not to HES, with
respect to amelioration of nutritive
perfusion. Inflammatory cell re-
sponse within the traumatised skele-
tal muscle tissue escaped from the
anti-adhesive properties of Hyper-
HES when applied for resuscitation
from hypovolaemic shock, and did
not differ from values in HES-treated
and saline-treated animals. Conclu-
sion: Resuscitation with HyperHES is
as effective as HES in improving
capillary perfusion in traumatised
skeletal muscle during haemorrhagic
shock. However, because values of
functional capillary density in the
HyperHES-treated and HES-treated
animals were still markedly below
those reported in traumatised skeletal
muscle of normovolaemic animals,
further tools are needed to enhance
efficiency in treatment of local skel-
etal muscle tissue injury during
haemorrhagic shock.

Keywords Intravital fluorescence
microscopy - Nutritive perfusion -
Microcirculation - NADH
fluorescence - Leukocyte—endothelial
cell interaction

this complex injury pattern, polytraumatised patients
often undergo massive blood loss leading to hypo-

volaemia and shock. Despite major advancements in the
early management of critically injured patients, the rapid
substitution of volume remains the important cornerstone
in first aid therapy to restore circulating blood volume, to
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bring back adequate nutritive organ perfusion and to
secure oxygen supply to tissue. Previous studies have
demonstrated that resuscitation from haemorrhagic shock
with crystalloid solutions did not sufficiently improve
microvascular blood flow in various organs [1, 2, 3, 4]. In
contrast, small-volume resuscitation, i.e. the rapid appli-
cation of a small amount of hypertonic—hyperoncotic
solution, has been shown to be of high efficiency in the
treatment of haemorrhage and shock. For example,
HyperHES, i.e. 7.2% NaCl/6% hydroxyethyl starch was
found to be capable of restoring microvascular perfusion
to central organs [3, 4] and to prevent leukocyte
adherence to the venular endothelium with, thus, the
potential to limit secondary tissue damage [5].

To date, however, it has not been investigated as to
whether small-volume resuscitation is of benefit for
traumatised skeletal muscle during haemorrhagic shock
conditions. The objective of this study was to assess the
effects of resuscitation with HyperHES on nutritive
perfusion and local inflammatory cell response in skeletal
muscle after soft-tissue trauma and haemorrhagic shock.

Materials and methods
Animal model

The experimental protocol was approved by the local animal rights
protection authorities and followed the National Institutes of Health
guidelines for the care and use of laboratory animals. Male
Sprague—Dawley rats [body weight (bw) 250-300 g] were anaes-
thetised with 6% pentobarbital sodium (55 mg/kg bw i.p.;
Narcoren, Merial, Hallbergmoos, Germany) and placed on a
heating pad for maintenance of body temperature at 37°C.
Following tracheotomy the animals were mechanically ventilated
(tidal volume 1 ml/100 g bw; 50 breaths/min). Catheters (PE-50;
Portex, Hythe, Kent, UK) were placed in the right carotid artery and
left jugular vein for continuous monitoring of central haemody-
namics (Sirecust; Siemens, Germany).

By means of a pneumatically controlled impact device, a
standardised soft-tissue trauma was induced on the lateral com-
partment of the right hind limb, simulating high-velocity trauma of
the lower extremity [6]. The controlled-impact technique was
initially developed as a model of experimental traumatic brain
injury in rats, reproducing the pathophysiological and morpholog-
ical responses of severe closed head injury as found in humans [7,
8]. The controlled-impact device consisted of a compressed
nitrogen gas source, an adjustable impactor, a displacement
transducer, and a personal computer-assisted interface for data
transmission and analysis of time/displacement parameters of the
impact. The following impact parameters were selected: impact
velocity of 7 m/s, deformation depth of 11 mm and impact duration
of 100 ms, with an impact diameter of 11 mm. The left hind limb
was placed in a plastic mould (Technovit; Kulzer, Wertheim,
Germany) shaped like the hind limb to guarantee optimal energy
transmission to the tissue by avoiding hind-limb movement during
impact.

Subsequently, the right extensor digitorum longus (EDL)
muscle was microsurgically prepared to allow us direct access for
in vivo high-resolution multifluorescence microscopy. The prepa-
ration technique was first described by Tyml and Budreau [9] and
modified for in vivo microscopy by Schaser et al. [6]. During
preparation, the tissues were superfused with 37°C warm physio-

logical saline solution to prevent drying. After final exposure of the
EDL muscle, the tissue was covered with a cover glass.

Shock and resuscitation

For induction of haemorrhagic shock, the animals were bled to a
mean arterial blood pressure (MAP) of 40 mmHg within 10 min.
MAP was maintained at that level for 1 h by further bleeding or re-
infusion of the shed blood. For resuscitation, the animals received
0.9% saline (saline; Braun Melsungen, Melsungen; Germany), 10%
hydroxyethyl starch (HES) 200/0.5 (Fresenius Kabi, Bad Homburg,
Germany) or 7.2% saline/6% HES 200/0.5 (HyperHES; Fresenius
Kabi). While saline was applied at a volume equal to four-times the
shed blood volume within 20 min, the volume of HES applied was
equal to the shed blood volume and was given over 5 min. Animals
undergoing small-volume resuscitation received 10% of the shed
blood volume as HyperHES within 2 min.

Experimental protocol

After baseline recordings (inclusion criteria: MAP 95-105 mmHg,
haematocrit 40-45%, pCO, 35-40 mmHg, pO, >100 mmHg, pH
7.35-7.45), soft-tissue trauma was induced, followed by haemor-
rhagic shock of 1 h. Two hours after resuscitation with saline (n=7),
HES (n=7) or HyperHES (n=7) in vivo microscopy of the EDL
muscle was performed. In an additional group of animals in vivo
microscopy of the EDL muscle was performed at the end of the 1-h
shock period (n=7). At the end of the experiments the animals were
killed by exsanguination.

In vivo fluorescence microscopy

After intravenous injection of fluorescein-isothiocyanate (FITC)-
labelled dextran (15 mg/kg bw, Sigma, Deisenhofen, Germany) and
rhodamine 6G (0.15 mg/kg bw, Sigma), in vivo microscopy was
performed with a Nikon microscope (E600-FN, Nikon, Tokyo,
Japan) equipped with a 100-W mercury lamp and filter sets for blue
(excitation/emission 465—495 nm/>505 nm), green (510-560 nm/
>575 nm) and ultraviolet (340-380 nm/>400 nm) epi-illumination.
By use of a water-immersion objective (Plan Fluor x20/0.75,
Nikon) a final magnification of 304-fold was achieved. Images
were recorded by means of a charge-coupled device video camera
(FK 6990-1Q-S, Pieper, Schwerte, Germany) and transferred to an
S-VHS video system for subsequent off-line analysis.

Microcirculatory analysis

For quantitative off-line analysis a computer-assisted microcircu-
lation image-analysis system was used (Caplmage, Zeintl, Heidel-
berg, Germany). As previously described [5, 6], functional capillary
density was defined as the total length of red blood cell-perfused
capillaries per observation area and given in centimetres per square
centimetre. For assessment of leukocyte—endothelial cell interac-
tion in post-capillary venules, flow behaviour of leukocytes was
analysed with respect to free-floating, rolling and adherent
leukocytes. Rolling leukocytes were defined as those cells moving
along the vessel wall at a velocity of less than 40% of that of
leukocytes at the centreline and were expressed as a percentage of
the total leukocyte flux. Venular leukocyte adherence was defined
as the number of leukocytes not moving or detaching from the
endothelial lining of the vessel wall during an observation period of
20 s. Assuming cylindrical microvessel geometry, leukocyte
adherence was expressed as non-moving cells per endothelial
surface (number per square millimetre), calculated from the
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Table 1 Systemic haemody-
namics after soft-tissue trauma
and haemorrhagic shock/resus-
citation. Values are given as
mean + SEM. Saline resuscita-
tion with 0.9% saline (n=7);
HES resuscitation with 10%
hydroxyethyl starch 200/0.5
(n=T); HyperHES resuscitation
with 7.2% saline/6% hydroxy-
ethyl starch 200/0.5 (n=7)

Group Baseline ~ Shock Resuscitation

10 min 60 min 2 min 5 min 20 min 90 min 120 min
Mean arterial blood pressure (mmHg)
Saline 1011 411 39+1 80+8 967 86+9 103+4 100£3
HES 102+1 40+1 39+1 87+9 967 92+6 98+7 97+5
HyperHES ~ 100+0 39+1 39+1 50+£5%F  70+6%*  79+4 80+3%* 82+3%
Heart rate (beats/min)
Saline 348+13 33121  320+14  340+13 3369 361+9 39410  406x10
HES 341£12 328+15  321x14  330+19 33810 364+13 393+11 398+14
HyperHES  344+20 34016 30116  308+15  328+14  354+13 359425 391+27

*P<0.05 vs saline, #P<0.05 vs HES

diameter and length of the vessel segment analysed. In post-
capillary venules, centreline red blood cell velocity was determined
by the line shift method (Caplmage). NADH fluorescence of
skeletal muscle tissue was densitometrically assessed after 2 s of
ultraviolet epi-illumination by computer-assisted grey level deter-
mination [10]. To avoid interference of grey levels by microvas-
cular structures, we limited the analysis strictly to the intercapillary
space.

Laboratory analysis

Arterial blood samples were withdrawn for analysis of blood gases
(Rapidlab 348, Bayer Vital, Fernwald, Germany) and blood cell
count with a Coulter Counter (AcTdiff, Coulter, Hamburg,
Germany).

Statistical analysis

Results were given as mean + SEM. Statistical evaluation for
differences between groups was performed by Friedman repeated-
measures analysis of variance (ANOVA), followed by the appro-
priate post-hoc multiple comparison procedure with Bonferroni
correction for repeated measurements (SigmaStat, Jandel, San
Rafael, Calif., USA). To assess the correlation between NADH
fluorescence and functional capillary density, we used linear
regression analysis. Statistical significance was set at P<0.05.

Results

Systemic parameters and macrohaemodynamics

At baseline and during shock, the animals did not differ
with respect to MAP, heart rate, haematocrit, systemic
leukocyte count and pH (Table 1 and Table 2). With onset
of resuscitation from haemorrhagic shock all animals
revealed a rapid and steep rise in MAP (Table 1). While
both saline-treated and HES-treated animals regained
almost baseline parameters of approximately 100 mmHg,
MAP was not completely restored in HyperHES-treated
animals and was found to be significantly lower than the
values in saline-treated and HES-treated animals at 2, 5,
90 and 120 min after resuscitation (Table 1). Heart rate
dropped slightly upon shock induction and increased over
time during resuscitation, however, without major differ-

Table 2 Haematocrit, leukocyte count and pH after soft-tissue
trauma and haemorrhagic shock/resuscitation. Values are given as
mean = SEM. Saline resuscitation with 0.9% saline (n=7); HES
resuscitation with 10% hydroxyethyl starch 200/0.5 (n=7); Hyper-
HES resuscitation with 7.2% saline/6% hydroxyethyl starch 200/0.5
(n=T)

Group Baseline Shock Resuscitation
60 min 120 min
Haematocrit (%)
Saline 42.9+0.7 35.2+1.1 27.5+0.5
HES 43.7+0.7 33.4+1.6 24.1+1.2
HyperHES 44.8+0.7 35.1£0.8 29.8+0.9"
Leukocyte count (10°/1)
Saline 5.8+0.4 3.6+0.5 7.8+1.3
HES 6.8+0.8 4.9+0.6 4.1+£0.5*
HyperHES 5.9+0.7 4.5+0.3 6.0+£0.7
pH
Saline 7.48+0.01 7.40+0.02 7.3120.03
HES 7.46x0.01 7.41+0.01 7.39+0.01
HyperHES 7.46x0.01 7.42+0.02 7.43+0.03*

#*P<0.05 vs saline, # P<0.05 vs HES

ences between the groups (Table 1). Shock caused a
marked fall in haematocrit. Infusion of any of the three
fluids led to a further decrease in haematocrit, which was
found most pronounced in the HES-treated animals
(Table 2).

Nutritive capillary perfusion

Closed soft-tissue trauma in combination with haemor-
rhagic shock caused a tremendous impairment of nutritive
capillary perfusion, with an average value of 7817 cm/
cm? (Fig. 1). While resuscitation with HES, but in
particular with HyperHES, caused an almost twofold
increase in functional capillary density, resuscitation with
saline ameliorated skeletal muscle capillary perfusion, but
did not reach the values of the HES-treated or HyperHES-
treated animals (Fig. 1). In line with nutritive perfusion
failure during shock, high NADH autofluorescence of
skeletal muscle tissue was observed, indicating pro-



43

180

<& 150

120 A

90

60

functional capillary density (cm/cm

30

0 -

shock saline HES HyperHES

Fig. 1 Functional capillary density of skeletal muscle tissue after
soft-tissue trauma and resuscitation from haemorrhagic shock.
Resuscitation was performed with 0.9% saline (n=7), 10% HES
200/0.5 (n=7) or HyperHES (n=7). Animals without resuscitation
served as shock group (n=7). Values are given as mean += SEM.
*P<0.05 vs shock

nounced tissue hypoxia [119+21 arbitrary units (aU)].
Resuscitation-associated reperfusion of nutritive capillar-
ies restored oxygen supply and, thus, caused a slight
reduction of tissue NADH levels in saline-treated animals
(115+21aU) and a marked reduction of tissue NADH
levels in HES-treated (89+16aU) and HyperHES-treated
(100+16aU) animals. Regression analysis revealed a
linear negative correlation between mean values of
functional capillary density and NADH autofluorescence
of skeletal muscle tissue, with a regression coefficient of
r=—0.84 (Fig. 2).

Venular leukocyte—endothelial cell interaction
and red blood cell velocity

From shock to resuscitation, interaction of leukocytes
with the endothelium of post-capillary venules was found
to be further increased, reflecting a characteristic reper-
fusion-associated event (Table 3). In all groups studied,
the fraction of rolling leukocytes was markedly increased
upon resuscitation from shock. Quantitative analysis of
venular leukocyte adherence revealed significantly higher
numbers of firmly adherent cells in the animals treated
with saline, HES, and HyperHES when compared with
shock (Table 3). Between groups, HyperHES revealed
some tendency towards lower numbers of firmly adherent
leukocytes (Table 3).

While red blood cell velocity in post-capillary venules
was found to be reduced to 91+22 um/s upon shock,
resuscitation caused a significant increase in venular red
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Fig. 2 Regression analysis between values of functional capillary
density and NADH autofluorescence of skeletal muscle tissue.
Values are given as mean + SEM, obtained at the end of the 1-h
shock period (triangle down) and at 2 h after resuscitation with
saline (circle), HES (square) or HyperHES (triangle up). r
regression coefficient

Table 3 Venular leukocyte—endothelial cell interaction after soft-
tissue trauma and haemorrhagic shock/resuscitation. Values are
given as mean + SEM. Saline resuscitation with 0.9% saline (n=7);
HES resuscitation with 10% hydroxyethyl starch 200/0.5 (n=7);
HyperHES resuscitation with 7.2% saline/6% hydroxyethyl starch
200/0.5 (n=7)

Group Leukocyte rolling Leukocyte adherence
(%) (n/mm?)

Shock 165 183+21

Saline 52+10% 419+89*

HES 33+7 379+70*

HyperHES 49+8%* 311+35%

*P<0.05 vs shock

blood cell velocity to values above 200 um/s (saline
328+76 um/s; HES 262+84 um/s; HyperHES 202+42 um/
s; P<0.05 vs shock).

Discussion

In the present model of closed soft-tissue trauma and
haemorrhagic shock, resuscitation with HyperHES and
HES was found to be more effective than saline to
improve nutritive perfusion of skeletal muscle tissue. In
contrast, HyperHES and HES, as with saline, failed to
block reperfusion-associated local inflammatory cell
response sufficiently. As underlined by the linear negative
regression between functional capillary density and
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NADH autofluorescence of skeletal muscle tissue, resus-
citation-induced improvement of nutritive perfusion is
associated with increased oxygen supply to tissue.
Skeletal muscle microcirculation after trauma and
shock: As given by the results of the present study,
haemorrhagic shock in combination with closed soft-
tissue trauma caused marked tissue perfusion failure.
While values of functional capillary density of the EDL
muscle were reported to approximate 240 cm/cm? at 1.5 h
after trauma induction [6], haemorrhagic shock substan-
tially aggravated perfusion failure of traumatised muscle
tissue, as indicated by mean values of functional capillary
density of 80 cm/cm?. Comparably, as shown by our
group for the haemorrhaged liver [10], nutritive perfusion
failure of skeletal muscle tissue is paralleled by high
values of NADH autofluorescence, indicating insufficient
oxygen supply with, thus, tissue hypoxia. NADH is a
naturally occurring intracellular fluorophore and one of
the main means of transferring energy from the tricar-
boxylic acid cycle to the respiratory chain in the
mitochondria. Inhibition of the respiratory chain due to
inadequate oxygen supply is reflected by increased
NADH levels [11, 12]. Besides direct tissue destruction
caused instantaneously by the impact itself, trauma-
induced microvascular dysfunction propagates ischaemia,
representing the most decisive trigger for post-traumatic
tissue damage [6]. Moreover, as given by the present
results, shock-induced lowering of perfusion pressure is
associated with a reduction of blood cell velocity and,
consequently, cessation of microvascular blood flow.
Shock-induced swelling of endothelial cells elevates
hydraulic resistance, which leads to impaired skeletal
muscle microvascular perfusion and hinders resuscitation
efforts to restore shock-impaired flow [13]. By means of
in vivo microscopy of rabbit skeletal muscle, Mazzoni et
al. [14] demonstrated that an endothelial cell swelling-
induced reduction of luminal diameter of ~20% signifi-
cantly increases capillary resistance and contributes to
further flow retardation. Although haemorrhagic shock
resulted in a fall of systemic haematocrit, local haemo-
concentration in individual capillaries may have occurred
as a result of increased microvascular permeability [15],
additionally affecting flow conditions. Taken together,
multiple, closely linked and overlapping factors might
have contributed to the marked impairment of skeletal
muscle microcirculation following trauma and shock.
Small-volume resuscitation and central haemodynam-
ics: Upon resuscitation all the animals showed a rapid
increase in MAP; however, the rise of MAP during early
resuscitation was significantly more pronounced in the
saline-treated and HES-treated animals than in the
HyperHES-treated animals. The extent of restoration of
central haemodynamics is nicely reflected by the con-
comitant increase in red blood cell velocity in post-
capillary venules. Following infusion of HyperHES, MAP
remained below pre-shock values, a finding that is

consistent with the reports of others [16]. There is major
evidence from the literature that MAP is restored by
small-volume resuscitation to only 70% of control values,
while cardiac output exceeds control values by 30-40%
[16].

Small-volume resuscitation and microcirculation of
traumatised skeletal muscle tissue: In line with previous
reports of our group and others [1, 2, 3, 4, 16],
conventional crystalloid volume substitution might have
restored systemic blood pressure, however, it did not
sufficiently reverse local nutritive perfusion failure. In
contrast, HES and, in particular, HyperHES, were found
almost to double the values of functional capillary
perfusion to approximately 150 cm/cm?. However, it
has to be mentioned that these values are still markedly
below those reported for traumatised skeletal muscle
tissue in normovolaemic animals [5]. This finding most
probably reflects the more severe injury to tissue in the
case of local trauma in conjunction with the systemic
insult of haemorrhagic shock. Since it has become an
established fact that the primary factor rendering patients
at risk of developing multiple organ dysfunction syn-
drome after shock and trauma is the persistence of
impaired microcirculation [17], there is need for more
potent therapeutic tools to restore adequate tissue perfu-
sion.

Small-volume resuscitation is based on the instanta-
neous mobilisation of endogenous fluid along the osmotic
gradient from the intracellular to the intravascular com-
partment [18, 19], with a preferential shift of water from
the microvascular endothelium and the red blood cells
[20]. The rectification of shock-narrowed capillaries is
considered the pivotal mechanism for restoration of
nutritional blood flow. Direct evidence for this mecha-
nism was found by in vivo microscopy in skeletal muscle
of rabbits, demonstrating reversal of shock-induced
capillary narrowing with hypertonic—hyperoncotic dex-
tran, but not with isotonic Ringer’s lactate solution [14].
In the present model that combines local trauma and
systemic hypovolaemia, microvascular disturbances of
the skeletal muscle tissue are likely the result of several
factors, including direct destruction of microvessels,
microvascular thrombosis and local bleeding, as well as
reduced nutritive perfusion, enhanced leakage and leuko-
cyte—endothelial cell interaction, leading to increased
oedema and tissue pressure [5, 6, 21]. Thus, the basis of
small-volume resuscitation-mediated protection might
partly differ when compared with HyperHES-induced
mechanisms responsible for reversal of haemorrhagic
shock alone. This might account for the fact that
HyperHES did not normalise tissue perfusion and only
marginally affected leukocyte—endothelial cell interac-
tion, in contrast to the obvious anti-adhesive properties of
HyperHES when applied either in the presence of local
trauma under normotensive conditions [5] or in the
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absence of trauma under conditions of haemorrhagic
shock [3, 4].

In previous experiments, we could demonstrate that
progressive tissue damage following soft-tissue injury is
secondary to delayed and progressive microvascular
perfusion failure [6]. With this in mind, we should aim
our primary efforts at restoration of circulating blood

volume and improvement of compromised tissue perfu-
sion. Since the present study demonstrates that primary
intervention by hypertonic—hyperoncotic fluid resuscita-
tion enhances, but does not normalise, tissue perfusion,
further tools are needed to enhance efficiency in the
treatment of local skeletal muscle tissue injury during
haemorrhagic shock.

References

1. Wang P, Ba ZF, Burkhardt J, Chaudry 8.
IH (1992) Measurement of hepatic
blood flow after severe hemorrhage:
lack of restoration despite adequate 9.
resuscitation. Am J Physiol 262:G92—
G98

2. Wang P, Hauptman JG, Chaudry IH
(1990) Hemorrhage produces depres-

persists despite fluid resuscitation. Circ
Shock 32:307-318

3. Vollmar B, Lang G, Menger MD,
Messmer K (1994) Hypertonic hy-
droxyethyl starch restores hepatic mi-
crovascular perfusion in hemorrhagic
shock. Am J Physiol 266:H1927-H1934  11.

4. Vollmar B, Preissler G, Menger MD
(1996) Small-volume resuscitation re-
stores hemorrhage-induced microcircu-
latory disorders in rat pancreas. Crit
Care Med 24:445-450

Schewior L, Raschke M, Schaser KD
(2003) Small volume hypertonic hy-
droxyethyl starch reduces acute micro-  13.
vascular dysfunction after closed soft-
tissue trauma. J Bone Joint Surg Br
85:126-132

6. Schaser KD, Vollmar B, Menger MD,

Lighthall JW, Dixon CE, Anderson TE  16.
(1989) Experimental models of brain

injury. J Neurotrauma 6:83-97

Tyml K, Budreau C (1991) A new
preparation of the rat extensor digito-

rum longus muscle for intravital inves-
tigation of the microcirculation. Int J 17.
Microcirc Clin Exp 10:335-343

sion in microvascular blood flow which  10. Vollmar B, Burkhardt M, Minor T,

Klauke H, Menger MD (1997) High- 18.
resolution microscopic determination of
hepatic NADH fluorescence for in vivo
monitoring of tissue oxygenation during
hemorrhagic shock and resuscitation.
Microvasc Res 54:164—173

Chance B, Cohen P, Jobsis F, Schoener  19.
B (1962) Intracellular oxidation—reduc-

tion states in vivo. The microfluorom-

etry of pyridine nucleotide gives a 20. Mazzoni MC, Borgstrom P, Arfors KE,
continuous measurement of the oxida-

tion state. Science 137:499-508

5. Mittlmeier T, Vollmar B, Menger MD,  12. Ince C, Coremans JM, Bruining HA

(1992) In vivo NADH fluorescence.

Adv Exp Med Biol 317:277-296 21.
Mazzoni MC, Borgstrom P, Intaglietta

M, Arfors KE (1989) Lumenal narrow-

ing and endothelial cell swelling in

skeletal muscle capillaries during hem-
orrhagic shock. Circ Shock 29:27-39

Kreimeier U, Bruckner UB, Niemczyk
S, Messmer K (1990) Hyperosmotic
saline dextran for resuscitation from
traumatic-hemorrhagic hypotension:
effect on regional blood flow. Circ
Shock 32:83-99

Kreimeier U, Frey L, Messmer K
(1993) Small volume resuscitation. Curr
Opin Anaesth 6:400-408

Kreimeier U, Christ F, Frey L, Habler
O, Thiel M, Welte M, Zwissler B, Peter
K (1997) Small volume resuscitation
for hypovolemic shock. Concept, ex-
perimental and clinical results. Anaes-
thesist 46:309-328

Kreimeier U, Peter K, Messmer K
(2001) Small volume—Ilarge benefits?
Anaesthesist 50:442-449

Intaglietta M (1988) Dynamic fluid
redistribution in hyperosmotic resusci-
tation of hypovolemic hemorrhage. Am
J Physiol 255: H629-H637
Menth-Chiari WA, Curl WW, Rosen-
crance E, Smith TL (1998) Contusion
of skeletal muscle increases leukocyte—
endothelial cell interactions: an intravi-
tal-microscopy study in rats. J] Trauma
45:709-714

Schewior L, Kroppenstedt SN, Raschke  14. Mazzoni MC, Borgstrom P, Intaglietta

M, Lubbe AS, Haas NP, Mittlmeier T
(1999) In vivo analysis of microcircu-
lation following closed soft-tissue inju-
ry. J Orthop Res 17:678-685

7. Dixon CE, Clifton GL, Lighthall JW, 15.
Yaghmai AA, Hayes RL (1991) A
controlled cortical impact model of
traumatic brain injury in the rat. J

Neurosci Methods 39:253-262 Shock 8:2-7

M, Arfors KE (1990) Capillary nar-
rowing in hemorrhagic shock is recti-
fied by hyperosmotic saline—dextran
reinfusion. Circ Shock 31:407—418
Menger MD, Riicker M, Vollmar B
(1997) Capillary dysfunction in striated
muscle ischemia/reperfusion: on the
mechanisms of capillary “no-reflow”.



3.2.3 Pravention und Therapie des Sekundarschadens nach

geschlossenem Weichteiltrauma durch N-Acetylcystein

Ziel dieser Studien war die erstmalige Prufung der Effizienz des Antioxidans,
Radikalfangers und Glutathionprekursors N-Acetylcystein zur Therapie und
Pravention des Sekundarschadens nach Weichteiltrauma. Ausgangspunkt fir diese
Untersuchungen bildeten Literaturbefunde und klinische Erfahrungsberichte tber
effektive  Therapieerfolge in der Behandlung von postischamischen
Reperfusionsschaden im Skelettmuskel (23, 41, 75, 139, 185, 186) und anderen
Organen (17, 30, 35, 43, 58, 72, 173).

In den hierzu durchgefuhrten intravitalmikroskopischen und Laser-Doppler-
Flowmetrischen Studien liel3 sich eine durch N-Acetylcystein-induzierte komplette
Wiederherstellung der posttraumatisch signifikant gestorten kapillaren Durchblutung
in der Frihphase nach Weichteiltrauma dokumentieren (151, 153). Ferner zeigten
sich neben reduzierten Werten fur mikrovaskulare Permeabilitat und intramuskulare
Odemmanifestation deutliche N-Acetylcystein-abhéngige anti-inflammatorische/-

adhasive Effekte auf die Leukozyten-Endothelzell-interaktion.

Die kausale Rolle der posttraumatischen lokalen Entziindungsreaktion fir den
sekundaren Gewebeuntergang konnte durch eine signifikante positive Korrelation
der endothelialen Leukozytenadharenz und der Reduktion der Immunreaktivitat fur
das muskelspezifische Intermediarcytofilament Desmin (indirektes Nekrosezeichen)

belegt werden.

Zusatzlich fanden sich nach geschlossenem Weichteilschaden geringere
Kreatinkinasewerte im Serum von N-Acetylcystein-therapierten Tieren im Vergleich
zu unbehandelten  Kontrolltieren, was eine  N-Acetylcystein-vermittelte
Gewebsprotektion mit verminderter sekundarer Muskelschadigung reflektiert (151,
153).
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Abstract

Trauma-induced microcirculatory dysfunction, formation of free radicals and decreased endothelial release of nitric oxide (NO)
contribute to evolving tissue damage following skeletal muscle injury. Administration of N-acetylcysteine (NAC) known to scavenge
free radicals and generate NO is considered a valuable therapeutic approach. Thus, the objective of this study was to quantitatively
analyze the acute effects of NAC on skeletal muscle microcirculation and leukocyte-endothelial cell interaction following severe
standardized closed soft tissue injury (CSTI). Severe CSTI was induced in the hindlimbs of 14 male anesthetized Sprague-Dawley
rats using the controlled impact injury technique. Rats were randomly assigned (n = 7) to high-dose intravenous infusion of NAC
(400 mg/kg body weight) or isovolemic normal saline (NS). Non-injured, sham-operated animals (» = 7) were subjected to the same
surgical procedures but did not receive any additional fluid. Creatin kinase (CK) activity was assessed at baseline, 1 h before and 2 h
following posttraumatic NAC or NS infusion. Microcirculation of the extensor digitorum longus (EDL) muscle was analyzed using
intravital microscopy and Laser-Doppler flowmetry (LDF). Edema index (EI) was calculated by measuring the EDL wet-to-dry
weight ratio (EI =injured/contralateral limb). EDL-muscles were analyzed for desmin immunoreactivity and granulocyte infiltra-
tion. Microvascular deteriorations observed following NS-infusion were effectively reversed by NAC: Functional capillary density
was restored to levels found in sham-operated animals and leukocyte adherence was significantly (p < 0.05) reduced compared to the
NS group. NAC significantly (p < 0.05) increased erythrocyte flux determined by Laser-Doppler flowmetry. Posttraumatic serum
CK levels and EI were significantly (p < 0.05) decreased by NAC. During the posttraumatic acute phase, single infusion of NAC
markedly reduced posttraumatic microvascular dysfunction, attenuated both leukocyte adherence and tissue infiltration. NAC also
decreased CSTI-induced edema formation and myonecrosis as reflected by attenuated serum CK levels and attenuated loss of
desmin immunoreactivity. NAC may serve as an effective therapeutic strategy by supporting microvascular blood supply and tissue
viability in the early posttraumatic period. Additional studies aimed at long-term analysis and investigation of injury severity—or
dosage dependency are needed.
© 2004 Orthopaedic Research Society. Published by Elsevier Ltd. All rights reserved.
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Introduction of limb function as well as sustained susceptibility to

local wound infections [15,25,45]. Persistently enhanced

Severe soft tissue trauma strongly influences mor-
bidity following complex injuries to the extremities as
evidenced by prolonged healing of fractures and return

*Corresponding author. Tel.: +49-30-450-552098; fax: +49-30-450-
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trauma-induced microcirculatory impairment, increased
microvascular permeability, “no reflow” phenomenon
of nutritive capillaries and leukocyte-mediated tissue
destruction contribute to evolving tissue damage sec-
ondary to ischemia/reperfusion [16,28-30] or trauma
[41,42] in skeletal muscle injury. Direct trauma to micro-
vessels results in membrane damage, endothelial cell
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swelling, perivascular hemorrhage, and uncontrolled
clot formation, leading to additional local ischemia,
which, in turn, induces further degradation of mem-
brane phospholipids, accumulation of free radicals [34],
and inflammation-induced oxidative stress [49]. In-
creased oxidative stress, in turn, severely impairs the
endogenous anti-oxidant defense where glutathione
(GSH) is the most important component [7,17,39]. In
addition, posttraumatic and postischemic reduction in
endothelial nitric oxide (NO) synthesis known for its
strong vasodilating potential [24,32,38] may aggravate
evolving tissue damage.

Thus, early administration of radical scavengers,
replenishing of diminished cellular GSH-stores and
replacement of NO are promising therapeutic ap-
proaches to reduce posttraumatic soft tissue damage.
Pharmacological studies have shown that N-acetylcys-
teine (NAC) is an anti-oxidant [2], precursor of gluta-
thione [39], and donor of nitric oxide (NO) [8,17,21,33].
Therefore, we hypothesized that NAC could ameliorate
local microcirculatory impairment, reduce leukocyte—
endothelial cell interaction, and attenuate structural
damage in the early and acute posttraumatic period
following traumatic skeletal muscle injury in rats sub-
jected to severe standardized closed soft tissue injury
(CSTI) [41].

Material and methods
Animal model and surgery

Experiments were performed in accordance to the NIH guidelines
for laboratory animal use and were approved by the local animal right
protection authorities.

Severe CSTI was induced in the antero-lateral compartment of the
left midthigh in male anesthetized and spontaneously breathing (iso-
flurane 1.5 vol.%, N,O 0.5 I/min and O, 0.3 I/min) Sprague-Dawley
rats (weight 250-300 g) as previously described [41]. Since severe CSTI
predominantly occurs in high-energy accident victims, the impact
parameters were adapted accordingly. CSTI was performed with the
high-pressure computer-assisted controlled impact injury (CII)-tech-
nique by accelerating a pneumatically driven 11 mm bolt with a flat tip
to an impact velocity of 7 m/s (=25 km/h), inducing a penetration
depth of 11 mm at a contact time of 0.1 s [41]. These settings resulted in
a reproducible non-lethal focal injury (blunt trauma) to the left
extensor digitorum longus (EDL) muscle without inducing a con-
comitant bone fracture or manifest compartment syndrome.

For continuous hemodynamic monitoring of heart rate (HR) and
mean arterial blood pressure (MABP), and for administration of fluid
and fluorescence markers the left carotid artery and right jugular vein
were cannulated with PE-catheters (PE50, 0.58 mm inner diameter,
Portex, Hythe, Kent, UK).

For in vivo analysis of microcirculation using intravital fluores-
cence microscopy (IVM), the left EDL muscle was surgically exposed
modified to the previously described technique [46], allowing hori-
zontal scanning of the entire EDL muscle surface at a constant focus
level and analyze of stable microcirculation for a period of 3 h at
maximum.

Experimental protocol

For microcirculatory measurements and determination of skeletal
muscle edema weight gain severe standardized CSTI was induced in 14

rats. Non-injured, sham-operated animals served as sham-group
(n = 7). Immunohistochemical studies were performed in additional 7
sham-operated animals (sham, n = 7) and 14 rats at 3 h following CSTI
and induction of therapy with either normal saline (NS) (n = 7) or N-
acetylcysteine (NAC, n = 7).

Compartment syndrome was ruled out by measuring the intra-
muscular pressure (P, in mmHg) in the anterior and posterior tibial
compartment. For this, a special microsensor catheter (0.7 mm outside
diameter, CODMAN® microsensor, Johnson & Johnson Professional,
Inc., Raynham, MA, USA) was percutaneously inserted (8 mm verti-
cally beneath skin surface) before surgical exposure of the EDL muscle
[41].

After surgery, the prepared EDL-muscle was allowed to stabilize
for 15 min before values for macrohemodynamics, arterial blood gases,
blood chemistry, and Laser-Doppler flowmetry (LDF) were collected
(1 h after trauma, before treatment). Following CSTI, rats were ran-
domly assigned to an intravenous infusion of NAC (Fluimucil®,
Zambon, Grifelfing, Germany) in a dosage of 400 mg/kg body weight
(2.45 mmol/kg; equivalent to 2 ml/kg) (n = 7) or an equivalent volume
of NS (0.9% NaCl, Braun Melsungen AG, Melsungen, Germany,
n = 7; mean volume per animal: 0.61 £ 0.03 ml) for 15 min. High-dose
treatment with NAC was chosen based on previous studies showing
beneficial effects following intravenous administration in postischemic
reperfusion disorders [22] and is at the upper limit of a the standard
infusion regimen under human circumstances [17]. Non-injured, sham-
operated animals (n = 7) received no additional fluid. Following the
infusion (1.5 h after CSTI), LDF values were assessed, blood samples
were analyzed, and EDL muscle microcirculation was investigated
using intravital fluorescence microscopy (2 h after CSTI).

After sacrificing the animals at the end of each experiment and
assessing the biological zero values of the non-perfused EDL muscle
using LDF necessary to assess changes caused by the Brownian
molecular motion [5], the left and right EDL muscles were removed for
gravimetrical analysis of edema formation (Fig. 1) and immunohisto-
logical analysis in a separate group of rats.

Due to the facts that the used animal model is acute in nature not
allowing survival of rats with painful incapacitation of the hind limb
for ethical reasons and that the stability of the microsurgically pre-
pared EDL-muscle is only of short duration, the study period had to
be restricted to 3 h after trauma.

Intravital microscopy

In vivo microvascular imaging was performed with epi-illumination
intravital multifluorescence microscopy using a modified high-resolu-
tion NIKON-microscope (Optiphot, NIKON, Tokyo, Japan) equip-
ped with a high-pressure mercury lamp (100 W) and a selective filter
block system allowing to detect fluorescence emission of fluorescein-
isothiocyanate (FITC)-dextran (excitation/emission wavelength: 450—
490 nm/>580 nm) and rhodamine (530-560 nm/>580 nm). Intravital
microscopy enabled well contrasted and focused images of high quality
in regard to image red and white blood cells as well as determine
individual segments of the microvascular bed (Figs. 3 and 4), i.e.,
capillaries and venules [41]. Microvascular images and videosequences
were recorded using a CCD-camera (FK 6990-1Q, Pieper, Schwerte,
Germany) and transferred to an SVHS-videorecorder (HR-S4700EG/
E, JVC, Friedberg, Germany) for off-line analysis (final magnification
on the video screen: 940-fold).

For contrast enhancement between erythrocytes and plasma,
FITC-dextran (5%, 150,000 molecular weight; 15 mg/kg body weight;
Sigma Chemical, Deisenhofen, Germany) was injected intravenously
prior to each investigation [30]. For in vivo imaging of leukocytes [50],
rats were given a bolus of rhodamine 6G (0.1%, 0.15 mg/kg body
weight; Sigma Chemical). To decrease the development of boundary
reflection error and to minimize loss of fluorescence intensity due to
progressive metabolization, hepatic extraction and excretion the time
period for performing intravital microscopic observations was stan-
dardized. Therefore recordings of microvascular images were started
1-3 min after injection (complete contrast enhancement of the
peripheral capillary bed and equilibration of the transendothelial
extravasation rate) and have been completed 15-20 min after injection
of the FITC-dextran and rhodamine bolus, respectively. For limitation
of phototoxic effects duration of continuous light exposure per
observation area was restricted to 60 s at maximum [36,40].
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Fig. 1. Schematic drawing of the experimental protocol depicting time
course of interventions in sham-operated, and N-acetylcysteine (NAC)
and normal saline (NS)-treated rats.

Microcirculatory analysis

Quantification of posttraumatic skeletal muscle microcirculation
and microvascular parameters was performed off-line by a frame-to-
frame analysis using a computer-assisted microcirculation image
analysis program [20,52]. Microcirculatory analysis was performed by
the same investigator blinded to the status of the studied rats.

Microvascular diameter (D in um)

For diameter measurements the user selects a videoimage for
analysis. The length of a line which is then placed perpendicular be-
tween the inner two edges of the microvessel is calculated as the
luminal diameter.

Functional capillary density (FCD in cm™")

FCD is defined as the length of erythrocyte-perfused capillaries per
observation area. Since only erythrocyte-perfused capillaries are
counted this parameter is used as an indicator for nutritive tissue
perfusion and oxygen delivery. Using the image-analysis system the
perfused capillaries within the area are traced by the user and the
length is calculated.

Microvascular permeability (macromolecular leakage in %)

The microvascular permeability (macromolecular leakage) is used
to assess the integrity of the endothelial barrier. Under normal con-
ditions the plasma marker FITC-dextran (150,000 molecular weight) is
unable to pass the endothelium, producing a high-contrast image.
Consequently, endothelial dysfunction induced by different noxious

stimuli will result in diffusion of FITC-dextran into the perivascular-
interstitial space consecutively increasing the perivascular fluorescence
intensity and the ratio of extra- to intravascular fluorescence intensity.
Leakage measurement relies on computer-assisted quantification of
fluorescence intensity using a densitometric technique (digital video-
image analysis). Mean gray level is measured by assessing the number
and area of all pixel-points with a certain intensity which is defined by
the amount of fluorescence. Leakage (assessed in 4 fields per image at
minimum) was expressed as the ratio of fluorescence-intensity, selected
from perivascular area to the corresponding intravascular area (plasma
gaps within the microvascular flow). For assessment of corresponding
perivascular values the fluorescence intensity is measured within an
extravascular area in the immediate vicinity to the microvascular vessel
wall in a distance from the vessel wall not exceeding the corresponding
microvascular diameter. Furthermore, extravascular measurement
sites were located at the same level like the intravascular plasma gap
relative to the longitudinal axis of the microvascular segment.

Centerline red blood cell velocity (Vipc.centeriine)

The centerline red blood cell velocity is measured from a line shift
diagram, which is created from a 10-15 s video sequence in which there
is no tissue movement. A line is drawn along the length of the vessel in
the centerline blood flow and the pixels under this line are stored in the
computer over a 10 s observation period and are aligned vertically.
Dark cells (erythrocytes) moving along the line produce slanted stripes.
From the length and slope of these stripes the image analysis program
calculates the red blood cell velocity. In this line shift diagram, the
y-axis represents the distance along the line and the x-axis shows the
time. The mean red blood cell velocity for each vessel and video-
field (VRpc.mean) Was calculated as previously described [4,30] as
Vmean = cemerline/1~6-

Leukocyte—endothelial cell interactions

Leukocyte adherence was determined by counting the number of
rolling and adherent as well as free-flowing (non-adherent) leukocytes
for 30 s along a 100 um venular segment. To prevent tangential sec-
tions through the investigated microvascular segment the level with the
largest microvascular diameter was microscopically focussed. Thus, in
vivo labeled leukocytes adhering to the endothelium of the vessel wall
over or beneath the exactly adjusted focus level are projected to the
image plane with less but sufficient sharp contours.

Leukocyte rolling was defined as white blood cells repeatedly
contacting, reversibly adhering and loosely interacting to the endo-
thelial vessel wall with a flow velocity significantly less than centerline
velocity [3] and expressed in percent of the total leukocyte flux. Per-
manent leukocyte adherence (sticking) was defined as the number of
non-moving leukocytes tightly adhering and firmly attaching to the
same spot on the endothelial lining of a 100 um vessel segment for at
least 20 s and expressed as number of adherent cells per mm? endo-
thelial surface, assuming cylindrical microvessel geometry.

Venular wall shear rate (SR)

The wall shear rate as a function of the disperse force on rolling
leukocytes was calculated for each venule: SR = 8 X Vpean/D in (s71),
where Ve 18 the mean erythrocyte velocity and D is venular diameter

[4].
Laser-Doppler flowmetry

This technique employs a monochromatic laser light beam which
detects blood cell movement in the tissue by analyzing the Doppler
shift of backscattered light. Thereby, the average blood flow (eryth-
rocyte flux) within a particular tissue volume is obtained. Changes in
erythrocyte flux (arbitrary units) were determined using a dual channel
laser Doppler monitor (DRT4, Moore Instruments, Axminster, UK;
needle probe DP4, 780-820 nm, external diameter 0.8 mm). Erythro-
cyte flux in the surgically exposed EDL-muscle was calculated as the
product of erythrocyte velocity and concentration [5] and was assessed
before (1 h after CSTI) and following treatment with NAC and NS (1.5
h after CSTI), and expressed relative to pre-infusion values. For pre-
vention of motion artefacts and sequential scanning of the EDL-
muscle surface in 1 mm incremental steps along the longitudinal axis
of the EDL-muscle (reaching 20 measurements per EDL-muscle at
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minimum) the laser-needle probe was attached to a three-dimensional
micromanipulator.

Blood sampling

Arterial blood gases (paCO,, paO, and pH), plasma concentration
of hemoglobin (Hb), and serum creatine kinase (CK)-levels were
determined before CSTI (baseline), before (1 h after CSTI) and 1 h
following NAC or NS infusion (2 h after CSTI). Arterial blood gases
and hemoglobin were assessed using a blood gas analyser (ABL 300,
Radiometer, Copenhagen, Denmark). Activity of CK was determined
by a multiple-point-kinematic test (670 nm) (Vitros products chemis-
try, East Man Kodak company, Rochester, York, USA).

Quantification of edema formation (edema weight gain)

Posttraumatic skeletal muscle edema formation was assessed
gravimetrically by measuring the wet-to-dry weight ratio of the left
(traumatized) and contralateral (non-injured) EDL-muscle (edema
index: EI =left/contralateral EDL) after the NAC or NS infusion at
2.5 h after CSTI. After determination of wet weight, EDL muscles
were dried for 24 h in a laboratory oven (80 °C) and weighed again to
assess the dry weight.

Immunohistochemistry

Specimens were freshly acquired, fixed in 4% formaldehyde, pro-
cessed to paraffin and cut into 3 pm transverse and longitudinal sec-
tions. Immunohistochemical staining for muscle specific class III
intermediate filament desmin (monoclonal mouse anti-human desmin,
clone D33; DAKO, Glostrup, Denmark) and rat neutrophilic granu-
locytes (mouse anti-rat granulocyte antibody, Clone: HIS48; Pharm-
ingen, San Diego, CA, USA) was performed by immersion in citrate
puffer (100 mM, pH = 6) and microwave heating for antigen retrieval.
Following incubation with primary antibodies (HIS48 1:30, anti-des-
min 1:50) the biotinylated secondary antibody was added for 60 min at
room temperature. After incubation with avidin-biotin complex the
sections were subjected to diaminobenzidine substrate.

Desmin immunoreactivity to assess myonecrosis

As a part of the cytoskeleton, desmin forms a network across the
muscle fibre bordering at the plasma and nuclear membrane and is
particularly localized in the subplasmalemmal region and the Z-band.
Indicating muscle cell viability the muscle-specific intermediate cy-
tofilament desmin unmasks necrosis of myofibers as a rapid post-
traumatic and visible loss of the faint, irregular desmin positivity in
their sarcoplasm [35].

Leukocyte infiltration

Neutrophilic granulocyte extravasation and infiltration into skele-
tal muscle tissue was analyzed by immunostaining using the HIS 48
antibody, known to selectively stain rat granulocytes.

To draw a histomorphometrical comparison to the extent of myo-
necrosis (detectable as the loss of desmin intermediate cytofilament
immunopositivity), planimetric analysis of desmin immunopositivity
(area measurement, given as the area with loss of immunopositivity vs.
area with detectable immunopositivity) was performed (ratio: non-
immunoreactive/immunoreactive). To assess leukocyte infiltration into
the tissue at least 15 randomly selected fields of 60,000 pm? per animal
were analyzed for the presence of HIS48-immonoreactivity and given as
number of HIS48-immunoreactive cells per mm? tissue surface.
Quantitative analysis was performed using a computer-assisted inter-
active image analysis system (Quantimed Image analysis, LEICA
Instruments, Cambridge, UK).

Statistical methods

Data were analyzed by a repeated-measures analysis for three
groups as previously described [27]. The sample size of seven rats per
group was considered to be sufficient due to the small variations of the
data observed in preceding studies using comparable sample size [41]
and the fact that the normality test (Kolmogorov—Smirnov) was pas-
sed. Differences between groups were tested by ANOVA for inde-

pendent samples followed by post hoc analysis using Bonferroni-
correction for multiple comparisons. To test for time effects within a
group data were subjected to a multivariate analysis of variance for
repeated measures and differences were tested by paired Student’s z-
test, including Bonferroni-correction for repeated measurements.
Erythrocyte flux (LDF) between the NAC and NS groups was com-
pared using the unpaired Student’s #-test. The strength of association
between microvascular leukocyte adherence and the extent of loss in
desmin immunoreactivity (myonecrosis) for all groups was analyzed by
linear regression analysis. All data were expressed as mean* SD.
Statistical significance was set at p < 0.05.

Results
Systemic hemodynamics and blood parameters

In all investigated groups, HR, MABP, arterial blood
gases (pH, paCO,, and paO,) and plasma calcium levels
remained unchanged and within normal limits (Tables 1,
2). Anaphylactic-like responses to FITC-labeled dextran
or rarely observed N-acetylcysteine (NAC)-induced
cardiorespiratory complications [37] were not observed
in any of the rats. Hemoglobin was significantly de-
creased following administration of NAC or NS (Table
1), which was similar in all groups before the infusion
period. Following CSTTI the significantly increased ser-
um CK-levels were significantly reduced following
NAC-treatment (Fig. 2).

Table 1

Changes in arterial blood gases and hemoglobin (Hb) concentration
determined in NS- and NAC-treated animals at baseline, 1 h (before
treatment) and 1.5 h (after treatment) following closed soft tissue
injury

Group Baseline 1 h after 2 h after
trauma trauma
(before (45 min after
treatment) treatment)
pH
Sham 7.43£0.02 - -
NS 7.45£0.02 7.38£0.04 7.35£0.09
NAC 7.44+0.03 7.44+0.03 7.41£0.08
paCO, [mmHg]
Sham 38.614.7 - -
NS 41.0%5.6 429%5.5 44.8+10.4
NAC 40.3+4.9 30.3+6.8 28.6+4.98
paO, [mmHg]
Sham 155+£22.3 - -
NS 213.9420.1 243.81+90.6 218.6+49.2
NAC 206.7+22.9 214.1+49.2 267.9+39.1
Hb [mg/dl]
Sham 13.5£04 - -
NS 13.7£0.2 12.6£0.9 11.8£1.0*
NAC 14.8+0.6 12.1£2.38 11.6£2.22

Hb was significantly decreased at 1.5 h after trauma (*p < 0.05 vs.
corresponding baseline) most likely due to progressive trauma-induced
hemorrhage into skeletal muscle tissue.
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Table 2
Mean arterial blood pressure (mmHg) and heart rate (beats/min), intramuscular pressure measured percutaneously in the ventral and dorsal tibial
compartment of rat hindlimb, and edema index (wet-to-dry ratio of injured vs. contralateral EDL muscle) remained unchanged following CSTI and

treatment with NAC and NS in the isoflurane-anaesthetized rats

Group Mean arterial blood Heart rate Intramuscular pressure (mm Hg) Edema index
pressure (mm Hg) (beats/min) Ventral Dorsal

Sham 1035 267+17 63104 5.1£0.6 1.01£0.03

NS 109£13 253+£25 20.7+1.1* 9.0+1.6 1.13+0.03?

NAC 102+4 326%27 19.8 £6.0¢ 9.6£2.9* 1.09+0.03*

Sham, non-traumatized, sham-operated animals (n = 7); NS, injured animals treated with NS (n = 7); NAC, injured animals treated with NAC
(n = T7). Values are expressed as means = SD. ANOVA for independent samples followed by post hoc analysis and Bonferroni-correction for multiple

comparison procedures: *p < 0.05 vs. sham.
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Fig. 2. Changes in creatin kinase activity in rat serum following severe
closed soft tissue trauma and treatment with either normal saline (NS,
n =7, filled bar) or N-acetyl cysteine (NAC, n =7; hatched bar).
Values are mean = SD in U/l. ANOVA for repeated measures followed
by post hoc analysis and Bonferroni-correction for repeated mea-
surements: *p < 0.05 vs. corresponding baseline; paired student’s #-test:
#p < 0.05 vs. 1-h after trauma (before treatment).

Intramuscular pressure

CSTI significantly increased intramuscular pressure
(Pm) within the anterior and posterior compartment
compared to non-injured sham-operated animals (Table
2). This increase in Py, was equally pronounced in NAC-
and NS-receiving rats indicating standardized induction
of CSTI (Table 2).

Table 3

Skeletal muscle microcirculation

CSTI induced heterogeneous microvascular impair-
ment similar to the postischemic “no reflow” phenom-
enon, characterized by capillary thrombosis, increased
intercapillary distance and reduced nutritive blood flow.
Posttraumatic microcirculation in the NS group was
furthermore characterized by a significant reduction in
the FCD (Fig. 5a), which was paralleled by slight but
not significant increase in macromolecular leakage when
compared to sham-operated animals (Fig. 5b). NAC
administration completely restored FCD and slightly
exceeded the levels found in non-traumatized sham-
operated animals. In addition, posttraumatic microvas-
cular permeability revealed some tendency towards
lower values by the treatment with NAC (Fig. 5b).
There were no significant differences in capillary and
venular diameters as well as venular wall shear rate in
the investigated groups (Table 3).

Leukocyte—endothelial cell interaction

In the non-injured sham-operated animals 20% of the
total leukocyte flux within the analysed microvessel
segment were found to be rolling along the endothelium
of postcapillary venules (Fig. 3). Following CSTI and
subsequent NS-administration leukocyte rolling was
increased by nearly 2-fold (Fig. 4). Treatment with NAC
significantly reduced leukocyte rolling (Fig. 6a) com-
pared to the NS group.

Microvascular diameters and red blood cell velocity in capillaries and venules as well as calculated venular wall shear rate in rat EDL muscle
following severe closed soft tissue trauma and treatment with either NS or NAC

Group Diameter (um) Red blood cell velocity (um/s) Shear rate (s~')
Capillaries Venules Capillaries Venules Venules

Sham 5.0+0.2 22.8£8.9 189.3+24.0 254.0%£27.4 99.1£21.5

NS 53104 23.0+22 141.8 £63.6 270.4%£45.9 105.3+21.4

NAC 52+04 232+£7.6 137.0£55.1 329.5+£108.0 129.9£59.7

Sham (n = 7), untreated (non-injured) sham animals; NS (n = 7), injured animals treated with normal saline; NAC (n = 7), injured animals treated

with N-acetylcysteine.
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Fig. 3. Intravital fluorescence microscopic images of a postcapillary venule in a non-injured control animal following (a) injection of FITC-dextrane
for contrast enhancement between plasma and erythrocytes and (b) after in vivo labeling of leukocytes using rhodamin 6G. Note the low fluorescence
density (white arrows) in the perivascular area (a) and the low number of leukocytes (white arrows) adhering to the microvascular endothelium (b) of

the identical venular segment (magnification: 940-fold).

Fig. 4. Intravital fluorescence microscopic images of a postcapillary venule in an injured and normal saline (NS)-treated control animal following (a)
injection of FITC-dextrane for contrast enhancement between plasma and erythrocytes and (b) after in vivo labeling of leukocytes using rhodamin
6G. Note the increased fluorescence density (black arrows) in the perivascular area (a) and the high number of leukocytes (white arrows) adhering to
the microvascular endothelium (b) of the identical venular segment (magnification: 940-fold).

In the sham-group, permanently adhering leukocytes
were rarely observed in collecting venules of EDL
muscle. Severe CSTI significantly increased leukocyte
adherence, primarily restricted to the postcapillary
endothelium. NAC significantly decreased the number
of sticking leukocytes compared to the rats receiving NS
(Fig. 6b).

Laser-Doppler flowmetry

Laser-Doppler flowmetry of sham-operated animals
revealed constant flux values over the 2 h study period
without significant changes. Consistent with the intra-
vital microscopic findings of drastically increased FCD
in the NAC-group Laser-Doppler flowmetry revealed a
significantly increased erythrocyte flux in response to
NAC compared to the declined flux values of the NS-

group (Fig. 7).

Edema formation

CSTI significantly increased edema formation (ex-
pressed by the edema index) compared to the non-in-
jured sham-operated animals (Table 2). Posttraumatic
NAC infusion decreased the edema index compared to
the rats receiving NS, which, however, remained path-
ologically elevated compared to non-injured sham-
group.

Immunohistochemistry

Immunohistochemical staining of granulocytes by
HIS48 demonstrated distinct labeling of the cell surface
membranes. Posttraumatic leukocyte infiltration was
significantly decreased in NAC-treated rats compared to
NS (p < 0.05) (Fig. 8a). Necrosis of myofibers was vis-
ible as swelling and edema with loss of irregular desmin
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Fig. 5. Changes in capillary perfusion and transendothelial leakage
following trauma and treatment. (a) Functional capillary density
(length of erythrocyte perfused capillaries per observation area; given
in cm™') and (b) microvascular permeability (capillary macromolecular
leakage of FITC-dextrane) analyzed densitometrically by the ratio of
extra- to intravascular fluorescence intensity) in EDL muscle in non-
injured, sham-operated animals (z = 7; open bar) and at 2 h post
trauma, i.e. 30 min following treatment with either NS (normal saline,
n =7, filled bar) or NAC (N-acetylcysteine, n = 7; hatched bar). Val-
ues are means (SD, ANOVA for independent samples followed by post
hoc analysis and Bonferroni-correction for multiple comparison pro-
cedures: *p < 0.05 vs. sham, #p < 0.05 vs. NS.

immunoreactivity. In the preserved viable myofibers
desmin immunoreactivity depicted the cross striations in
the sarcoplasm. Histomorphometrical analysis of des-
min immunoreactivity following CSTI revealed signs of
markedly decreased (p < 0.05) myofiber necrosis in re-
sponse to NAC treatment (Fig. 8b).

Regression analysis of microvascular leukocyte
adherence on loss of desmin immunoreactivity revealed
a positive correlation (Fig. 9) between sham-operated
animals, the NS and NAC groups (> = 0.75).

Discussion

Severe traumatic soft tissue damage results in micro-
circulatory impairment and tissue damage within the
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Fig. 6. Leukocyte—endothelial cell interaction in postcapillary venules
of EDL muscle in sham-operated, non-injured animals (n = 7; open
bar) and after treatment of injured animals with either NS (normal
saline, n = 7; filled bar) or NAC (N-acetyl cysteine, n = 7; hatched bar)
at 2 h post trauma. (a) Number of rolling leukocytes in % of total
leukocyte flux. (b) Number of adherent leukocytes per mm? endothelial
surface. Values are means+SD, ANOVA for independent samples
followed by post hoc analysis and Bonferroni-correction for multiple
comparison procedures: “p < 0.05 vs. sham, #p < 0.05 vs. NS.

first hour after CSTI in rats as reflected by decreased
FCD, marked adherence and infiltration of leukocytes,
edema formation and myonecrosis. These results are in
line with previous studies [31,41,42].

Single posttraumatic intravenous infusion of NAC
significantly attenuated the immediate microcirculatory
impairment, myonecrosis, edema formation and release
of CK during the early posttraumatic period, indicating
that NAC exerts beneficial effects on nutritive muscular
blood flow and tissue oxygenation. These effects may
possibly be caused by attenuating capillary dysfunction
in terms of reopening thrombotically occluded capil-
laries or inhibiting capillary collapse and progressive
microvascular injury secondary to soft tissue trauma. In
this context, NAC potentiates inhibitory effects of NO
on capillary platelet aggregation [43], thereby possibly
reducing intravascular coagulation and microvascular
thrombosis and thus restricting secondary tissue dam-
age.
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Fig. 7. Erythrocyte flux as measured by Laser-Doppler flowmetry of
EDL muscle 1.5 h after trauma and 30 min following treatment with
either NS (normal saline, n = 7, filled bar) or NAC (N-acetylcysteine,
n = 7; hatched bar). Values (mean + SD) are expressed as percentage
change of baseline (pre-treatment flux values). Student’s t-test:
#p < 0.05 vs. NS.

In addition, intravenous administration of N-acetyl-
cysteine supplies cysteine to restore depleted levels of the
endogenous anti-oxidant GSH which in conjunction
with the ability to scavenge hypochlorous acid, hydroxyl
and superoxide radicals [2] provides an attractive
mechanism by which NAC might protect the structural
and functional integrity of endothelial and parenchymal
cell membranes. Free-radical initiated tissue damage has
been identified as a major causative component in trau-
matic soft tissue damage [47], compartment syndrome
[34] and ischemia/reperfusion injury [13]. In a rat model
of free radical donor-induced soft tissue damage to the
extremities van der Laan and colleagues demonstrated
that NAC substantially reduced vascular permeability of
PmTC-IgG and effectively preserved endothelial integrity
[48]. Results of the present in vivo microscopic study are
in line with these findings as a decrease in microvascular
permeability following NAC-therapy was observed
compared to rats receiving NS. Among other targets,
NAC has been shown to successfully reduce oxidative
tissue injury resulting from trauma and ischemia induced
endothelial lipid peroxidation [2,10,12,14], thereby pre-
serving transcapillary fluid balance and diminishing
posttraumatic endothelial dysfunction. Furthermore,
NAC exerts a direct anti-inflammatory effect as the
neutrophilic chemotaxis and the inflammation-induced
oxidative stress is effectively inhibited [18,19] which is
reflected by the significantly decreased accumulation,
adherence and migration of leukocytes following experi-
mental CSTI. Our results on calculated venular wall
shear rates, being comparable between both treatment
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Fig. 8. Changes in neutrophilic granulocyte infiltration and desmin
immunoreactivity (skeletal muscle viability) in sham-operated, non-
injured animals (n = 7; open bar) and after treatment of injured ani-
mals with either normal saline (NS, n=7; filled bar) or N-acetyl
cysteine (NAC, n = 7; hatched bar) at 2 h post trauma. (a) Number of
neutrophilic granulocytes per mm? skeletal muscle area as determined
by immunohistochemistry using the rat-specific HIS48 antibody and
(b) desmin immunoreactivity as expressed by area measurements of
non-immunoreactive vs. immunoreactive skeletal muscle area. Values
are means + SD, ANOVA for independent samples followed by post
hoc analysis and Bonferroni-correction for multiple comparison pro-
cedures: *p < 0.05 vs. sham, #p < 0.05 vs. NS.
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groups argue that NAC-induced decrease in leukocyte
adherence and subsequent infiltration into the perivas-
cular space occurs independent from changes in physical
forces or microhemodynamic/rheologic characteristics.
In this context, we detected a positive functional rela-
tionship between extent of microvascular leukocyte
adherence and loss of desmin immunoreactivity, sup-
porting the concept of leukocyte-mediated tissue
damage. Posttraumatic activation and adherence of
leukocytes exert deleterious effects to the endothelium as
well as parenchymal tissue by the release of proinflam-
matory mediators and toxic substances such as lyso-
somal enzymes, arachidonic acid metabolites and
reactive oxygen species. In the present study these ad-
verse effects could be ameliorated by the administration
of NAC as both leukocyte infiltration and loss of desmin
immunoreactivity, i.e., inflammation-induced myone-
crosis were markedly reduced. In this context, NAC has
been shown to significantly reduce the expression of
adhesion molecules as e.g., ICAM-1 and P-selectin fol-
lowing ischemia/reperfusion injury [1,11,18,19,51] and
induce shedding of selectins from the microvascular
endothelium [44]. Despite the fact that no intermediate
or long-term results are presently available, the NAC-
induced decrease in leukocyte adherence and myone-
crosis appears to be a promising approach to reduce
secondary tissue destruction by neutrophilic leukocytes
in the acute phase following severe soft tissue trauma.
Furthermore, NAC is involved in supporting the
synthesis of NO by replenishing the sulfhydryl-groups
either directly or via increasing cysteine levels [6,17,33].
This idea aroused great interest because it argues that
NAC may exert its vasoactive effects by modulating NO-
activity at different sites. In particular in skeletal muscle,
recent studies have provided important information on a
beneficial effect of NAC for the treatment of ischemia/
reperfusion injury [8,21,26]. Chen and colleagues were
able to demonstrate that infusion of NAC protects the
contractile function of EDL muscle from reperfusion
injury [8]. They concluded that the protective function of
NAC may be related to reversal of microvessel spasm
during the reperfusion period and NO-mediated vaso-
dilatation, leading to increased nutritional blood flow to
injured skeletal muscle. Although they did observe dos-
age-dependent effects with less protection at higher
doses, other studies have actually found significant
benefits using similar high dosages as used in the present
study [22,48]. The finding of the present study that NAC
treatment was not associated with a significant increase
in capillary or venular diameters when compared to
sham-operated or NS-treated animals may be due to the
fact that intravital microscopy did not reveal a significant
posttraumatic microvessel spasm as seen during pos-
tischemic reperfusion injury [8]. However, variable
susceptibility of cellular targets in conjunction with dif-
ferences in extent and pattern of microvascular injury

between postischemic reperfusion and closed soft tissue
trauma most likely account for the variable capacity of
NAC-mediated protection.

More direct support for the concept that NO
replacement reduces microvascular dysfunction is pro-
vided by the intravital microscopic studies of Kubes
et al. [23] who showed that nitric oxide synthetase
(NOS)-inhibitors increase leukocyte adherence, protein
extravasation and microvascular injury. However, it is
also known that protective effects of NAC [8,26] and
more importantly NO [9,21] depend on the local con-
centrations, the type of tissue (skeletal muscle), the site
of production and the specific local targets. The ob-
served beneficial effect of NAC administration and the
known NAC-mediated NO-replacement in postischemic
[8,26] and posttraumatic (this study) disorders suggests
that compromised NO release by the dysfunctional
endothelium possibly precedes and maintains ongoing
microvascular and parenchymal injury, thereby initiat-
ing secondary tissue damage in CSTI. Despite neither
NO nor its metabolites were measured in the present
study, our results seem to indicate that microcirculatory
derangements in skeletal muscle caused by CSTI repre-
sent a target which is susceptible to both, the anti-oxi-
dant action and NO-donation by NAC.

In conclusion, the significantly reduced serum CK
levels in conjunction with less pronounced edema for-
mation and skeletal muscle necrosis following NAC
administration could possibly reflect NO-mediated pro-
tection of severely traumatized skeletal muscle from
further tissue injury. Interventions directed at inhibiting
leukocyte-adherence, protecting nutritive blood flow,
restricting endothelial disintegration, scavenging radicals
and supplementing cellular GSH-precursor pools may
allow for increased salvage of traumatized skeletal
muscle by reducing the extent of secondary microcircu-
latory dysfunction. From the clinical perspective, the
positive acute effects of NAC administration in terms
of inhibiting leukocyte adherence and ameliorating
microvascular perfusion need to be investigated in inter-
mediate and long-term studies to determine whether
these effects are temporarily limited or will persistently
improve the injury-specific outcome. Furthermore,
studies aimed at analyzing injury severity and dosage
dependency of NAC are warranted. Depending on these
results the NAC-treatment of soft tissue trauma may
have therapeutic implications aimed at protecting skel-
etal muscle against trauma-induced microvascular in-

jury.
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3.2.4 Reduktion der lokalen Mikrozirkulationsstérung und Entziindungs-
reaktion nach geschlossenem Weichteiltrauma durch
selektive Cyclooxygenase (COX)-2 Hemmung

Obgleich die begleitende Pharmakotherapie von Weichteilverletzungen mit nicht-
steroidalen anti-inflammatorischen Substanzen bereits klinischer Standard ist (14),
liegen bislang keine Kenntnisse uber die Quantitdt und Kinetik der COX-2-
Expression im Skelettmuskel nach geschlossenem Weichteiltrauma vor. Ferner
sind aulRer der bekannten Inhibition des COX-Systems (12) die spezifischen Effekte
dieser Medikamente auf die mikrovaskulare Perfusion und Endothelfunktion im
traumatisierten Muskel unbekannt.

Die nachfolgenden Studien dienten dazu, das Ausmal und den zeitlichen Verlauf
der COX-1- und -2-Expression im Skelettmuskel der Ratte nach standardisiertem
geschlossenem Weichteiltrauma zu analysieren.

Spezifische Western-Blot-Analysen und immunhistochemische Untersuchungen
demonstrierten eine vorubergehende Zunahme der Expression von COX-1 und -2
mit Spitzenwerten bei 8-12h. Bereits nach 18h post Trauma war die Expression
sowohl fir COX-1 als auch -2, unabhangig von der vor oder nach Trauma
begonnenen Therapie mit dem COX-2-Inhibitor Parecoxib (166), auf das Niveau
unverletzter Kontrolltiere zurickgegangen. Zusatzlich war sowohl die vor als auch
die nach dem Trauma durchgefuhrte Gabe von Parecoxib mit einer signifikanten
Begrenzung der nach Weichteiltrauma zunehmenden kapillaren Dysfunktion und
posttraumatischen  Entzindungsreaktion  (Leukozyten-Endothelzell-Interaktion)
assoziiert.

Diese Daten deuten auf eine kausale Bedeutung des Cyclooxygenasesystems in
der Pathogenese des Sekundarschadens nach traumatischer Weichteilverletzung
hin. Daruber hinaus erweitern diese Resultate die bisherigen Kenntnisse Uber die
Wirkmechanismen von COX-2-Inhibitoren hinsichtlich ihrer therapeutisch
relevanten protektiven Effekte auf die posttraumatisch gestorte Mikrozirkulation und

Leukozytenaktivierung.
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SELECTIVE CYCLOOXYGENASE-2
INHIBITION REVERSES MICROCIRCULATORY
AND INFLAMMATORY SEQUELAE

OF CLOSED SOFT-TISSUE
TRAUMA IN AN ANIMAL MODEL

By PHILIP GIERER, MD, THOMAS MITTLMEIER, MD, REINGART BORDEL,
KLAUS-DIETER SCHASER, MD, GEORG GRADL, MD, AND BRIGITTE VOLLMAR, MD

Investigation performed at the Department of Experimental Surgery, University of Rostock, Rostock, Germany

Background: Despite the common use of nonsteroidal anti-inflammatory drugs in the treatment of closed soft-tissue
injuries, our understanding of the effect of these medications on tissue healing is incomplete. Using high-resolution
multifluorescence microscopy, we investigated the efficiency of preinjury and postinjury treatment with the selective
cyclooxygenase (COX)-2 inhibitor parecoxib to improve compromised perfusion of traumatized muscle tissue and to
minimize secondary tissue damage.

Methods: With use of a pneumatically driven and computer-controlled impact device, closed soft-tissue trauma of
the left hindlimb was induced in anesthetized rats that had had intravenous administration of 10 mg/kg of either
parecoxib sodium (seven rats) or an equal volume of saline solution (seven rats). Seven additional animals received
parecoxib two hours after the trauma, and seven animals without trauma served as controls.

Results: Time-course studies with use of both Western blot protein analysis and immunohistochemistry demonstrated
a transient upregulation of COX-2 protein expression with peak levels eight to twelve hours after trauma and a return to
near baseline level at eighteen hours. Regardless of whether parecoxib was administered before or after the injury, it
completely restored microcirculatory impairment within the injured muscle. This was indicated by the mean values (and
standard error of the mean) for nutritive perfusion (434 + 15 cm/cm? in animals treated before the injury and 399 + 8
cm/cm? in those treated after injury), nicotinamide adenine dinucleotide (NADH) levels (73 = 2 aU and 74 + 1 aU, re-
spectively), and inflammatory cell interaction (184 + 36 and 186 + 32 n/mm?, respectively, for leukocytes, and 1.0 *
0.1 and 0.8 + 0.1 n/mm?, respectively, for platelets) at eighteen hours after trauma, which were not different from
those found in noninjured muscle tissue of controls. In contrast, skeletal muscle in saline solution-treated animals re-
vealed persistent perfusion failure (296 + 30 cm/cm?) with tissue hypoxia (NADH, 100 + 4 aU), and enhanced endothe-
lial interaction of both leukocytes (854 + 73 mm™) and platelets (2.3 + 0.5 n/mm?) at eighteen hours after trauma.

Conclusions and Clinical Relevance: Treatment of skeletal muscle soft-tissue trauma with parecoxib before as well
as after injury is highly effective in restoring disturbed microcirculation. Moreover, a reduced inflammatory cell response
helps to prevent leukocyte or platelet-dependent secondary tissue injury. These results deserve further investigation to
prove that selective COX-2 inhibitors improve performance and promote healing following closed soft-tissue injury.

consequence of musculoskeletal trauma. The severity

of soft-tissue trauma is one of the most decisive prog-
nostic determinants of the outcome of complex injury to the
extremities. Due to the high frequency of high-velocity or high-
energy trauma and sports-related injuries, the prevalence of
severe soft-tissue trauma continues to increase. Apart from
temporary immobilization and local cryotherapy, the admin-

Closed or open soft-tissue injury is an almost invariable

istration of nonsteroidal anti-inflammatory drugs has be-
come a therapeutic standard in the acute routine treatment of
soft-tissue injuries'”. The ability of nonsteroidal anti-inflam-
matory drugs to reduce inflammation and pain is based on the
inhibition of prostaglandin synthesis by cyclooxygenase
(COX)*, which is present in at least two isoforms’. COX-1 is a
predominantly constitutive form and is involved in cellular
homeostasis with maintenance of tissue physiology, whereas
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COX-2 is a rapidly inducible isoform upregulated by reactive
oxygen species, inflammatory cytokines, and mitogens®. To
date, the function of COX-2 has been primarily linked to in-
flammatory processes, whereas the expression of COX-1 ap-
pears to be more confined to physiological functions. In this
context, the use of specific COX-2 inhibitors may provide the
advantage of selectively targeting inflammatory processes
without disturbing tissue homeostasis.

In contrast to what is known about conventional anti-
inflammatory medications"”, our understanding of the effects
of COX-2 inhibitors on the musculoskeletal tissues is incom-
plete. A normal inflammatory response might be a prerequi-
site for adequate healing, so it is possible that suppression of
inflammation by COX-2 inhibitors might adversely affect soft-
tissue healing, as has been described for ligament injuries and
fractures™. Thus, the aim of our study was to determine
whether preinjury and postinjury administration of the selec-
tive COX-2 inhibitor parecoxib, which is the water-soluble
prodrug for intravenous application of valdecoxib and cur-
rently one of the most selective COX-2 inhibitors", is indeed
of therapeutic benefit in a model of closed soft-tissue injury.

Materials and Methods
Animal Model
The experimental protocol was approved by the local ani-
mal rights protection authorities and followed the Na-
tional Institutes of Health guidelines for the care and use of
laboratory animals. Male Sprague-Dawley rats (250 to 300 g)
were anesthetized with an intraperitoneal injection of 55 mg/
kg of 6% pentobarbital sodium (Narcoren; Merial, Hallberg-
moos, Germany). Immediately prior to the injury, the animals
received either 10 mg/kg of parecoxib sodium (Dynastat;
Pharmacia GmbH, Erlangen) (the parecoxib-Oh group) or an
equal volume (0.5 mL) of saline solution (the saline group) in-
travenously by the caudal vein. In an additional series of ani-
mals, 10 mg/kg of parecoxib was administered intravenously
two hours after the injury (the parecoxib-2h group). Anesthe-
tized animals that did not receive soft-tissue trauma or ther-
apy served as a time-matched control group (the sham
group). According to the analysis establishing the number of
replications needed to detect a given true difference between
means", a total of seven animals was included in each experi-
mental group.

By means of a pneumatically driven and computer-
controlled impact device, a standardized soft-tissue injury was
induced on the lateral compartment of the left hindlimb, sim-
ulating high-velocity trauma of the lower extremity. The na-
ture and kinetics of tissue injury with use of this impact device
have been described by our group in detail previously”. The
controlled-impact technique was initially developed as a
model of standardized traumatic brain injury in rats, repro-
ducing the pathophysiological and morphological responses
of severe closed-head injury found in humans". The con-
trolled-impact device consists of a compressed nitrogen gas
source, an adjustable impactor, a displacement transducer,
and a personal computer-assisted interface for data transmis-

SELECTIVE COX-2 INHIBITION REVERSES MICROCIRCULATORY
AND INFLAMMATORY SEQUELAE AFTER TRAUMA

sion and analysis of time-displacement parameters of the im-
pact. The impact parameters that we selected were an impact
velocity of 7 m/s, a deformation depth of 11 mm, and an im-
pact duration of 100 ms with an impactor diameter of 10 mm.
The left hindlimb was placed in a plastic mold (Technovit;
Kulzer, Wertheim, Germany) shaped like the hindlimb to
guarantee optimal energy transmission to the tissue by avoid-
ing hindlimb movement during the impact.

At eighteen hours after trauma induction, the animals
were anesthetized again and placed on a heating pad to main-
tain body temperature at 37°C. Following a tracheotomy, the
animals were mechanically ventilated (tidal volume of 1 mL/
100 g of body weight and fifty breaths per minute). Catheters
(PE-50; Portex, Hythe, Kent, United Kingdom) were placed in
the right carotid artery and the left jugular vein for continuous
monitoring of central hemodynamics (Sirecust; Siemens, Er-
langen, Germany).

The left extensor digitorum longus muscle was microsur-
gically prepared to allow direct access for in vivo high-resolution
multifluorescence microscopy. The preparation technique was
first described by Tyml and Budreau'® and was modified for in
vivo microscopy by our group®. During preparation, tissues
were superfused with 37°C warm physiological saline solution
to prevent drying. After final exposure of the extensor digi-
torum longus muscle, the tissue was covered with a cover glass.

After obtaining baseline recordings (the inclusion crite-
ria included a mean arterial blood pressure of 100 to 110 mm
Hg, a hematocrit of 45% to 50%, a pCO, of 35 to 40 mm Hg,
and a pH of 7.35 to 7.45) and a twenty-minute stabilization
period after completion of the exposure, in vivo microscopy of
the extensor digitorum longus muscle was performed. At the
end of the experiments, the animals were killed by exsan-
guination. Muscle tissue was sampled for Western blot protein
analysis, histology, and immunohistochemistry.

Platelet Preparation

Resting platelets were isolated with use of the Sepharose column
as described previously”. Blood was drawn from healthy human
volunteers (twenty-five to forty years old) without history of
disease or anticoagulant therapy, after they had provided in-
formed consent. After centrifugation, platelet-rich plasma was
layered on a prepared Sepharose column (Amersham Pharma-
cia Biotech, Uppsala, Sweden). Isolated platelets were stained
with 2%,7’-bis(2-carboxyethyl)-5-(and-6-)-carboxy-fluorescein
acetoxymethyl ester (BCECF; Molecular Probes, Eugene, Ore-
gon), passed again through the Sepharose column, and were
diluted in phosphate-buffered saline solution to a final concen-
tration of 1 X10° cells mL™". Previous work in rodent models has
shown that there is no difference in the use of human platelets
when compared with syngeneic platelets”.

In Vivo Fluorescence Microscopy

After intravenous injection of fluorescein-isothiocyanate (FITC)-
labeled dextran (15 mg/kg of body weight) (Sigma, Deisenho-
fen, Germany) and rhodamine 6G (0.15 mg/kg of body weight)
(Sigma), in vivo microscopy was performed with use of a mi-
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Representative Western blots (A and C) and densitometric analysis of cyclooxygenase (COX)-2 and COX-1 pro-
tein expression (B and D) in skeletal muscle tissue of animals prior to trauma (Oh-sham) as well as at four,

eight, twelve, and eighteen hours after closed soft-tissue injury. 18h-sham indicates time-matched control ani-
mals without trauma. The values are given as the mean and the standard error of the mean, and five animals

per time-point were analyzed.

croscope (E600-FN; Nikon, Tokyo, Japan) equipped with a
100-W mercury lamp and filter sets for blue (excitation of 465
to 495 nm and emission of >505 nm), green (510 to 560 nm
and >575 nm, respectively), and ultraviolet (340 to 380 nm
and >400 nm, respectively) epi-illumination. BCECF-stained
platelets were injected intra-arterially (1 X 10° platelets per
time-point over thirty seconds) and were allowed a period of
120 seconds to recirculate until the analysis of their intravascu-
lar adhesion with use of blue light epi-illumination”. With a
physiological platelet concentration in rats of approximately
600 x 10° platelets/uL in whole blood and a total blood volume
of 8 mL/100 g of body weight", the labeled fraction was about
1% of all circulating platelets. By use of water-immersion ob-
jectives (Nikon) at X20/0.75 W and x40/0.80 W, final magnifi-
cations of 306 and 630 times were achieved. Images were
recorded by means of a charge-coupled video camera (FK
6990-1Q-S; Pieper, Schwerte, Germany) and transferred to a
Super-VHS video system for subsequent off-line analysis.

Microcirculatory Analysis

For quantitative off-line analysis, a computer-assisted microcir-
culation image-analysis system (version 7.4, CapImage; Zeintl,
Heidelberg, Germany) was used. As previously described""?,
functional capillary density was defined as the total length of
red blood-cell-perfused capillaries per observation area in cm/
cm’. To assess leukocyte-endothelial cell interaction in postcap-
illary venules, flow behavior of leukocytes was analyzed with re-
spect to free floating, rolling, and adherent leukocytes. Rolling
leukocytes were defined as those cells moving along the vessel
wall at a velocity of <40% of that of leukocytes at the centerline
and were expressed as a percentage of the total leukocyte flux.

Venular leukocyte adherence was defined as the number of leu-
kocytes not moving or detaching from the endothelial lining of
the venule wall during an observation period of twenty seconds.
Assuming cylindrical microvessel geometry, leukocyte adher-
ence was expressed as nonmoving cells per endothelial surface
(n/mm’), calculated from the diameter and length of the vessel
segment analyzed. In postcapillary venules, centerline red
blood-cell velocity was determined with use of the line-shift
method (CapImage). Platelet adhesion was analyzed within ten
observation fields of skeletal muscle tissue and was given as the
number of adherent thrombocytes per square millimeter. Re-
duced nicotinamide adenine dinucleotide (NADH) fluores-
cence of skeletal muscle tissue was densitometrically assessed
after two seconds of ultraviolet epi-illumination by computer-
assisted gray-level determination®. To avoid interference of gray
levels with microvascular structures, analysis was strictly limited
to the intercapillary space.

Laboratory Analysis

Arterial blood samples were withdrawn for analysis of blood
gases (Rapidlab 348; Bayer Vital, Fernwald, Germany) and
blood cell count with use of a Coulter Counter (AcTdiff;
Coulter, Hamburg, Germany).

Western Blot Analysis

For Western blot analysis of COX isoforms, traumatized exten-
sor digitorum longus muscle tissue was homogenized in lysis
buffer (10 mM Tris, pH 7.5, 10 mM NaCl, 0.1 mM EDTA, 0.5%
Triton-X 100, 0.02% NaN,, and 0.2 mM phenylmethylsulpho-
nylfluoride (PMSF); prior to use, the buffer received a protease
inhibitor cocktail [1:100 v/v; Sigmal]), incubated for thirty min-
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utes on ice and centrifuged for fifteen minutes at 10 g. The solu-
ble whole protein fraction was saved for subsequent analysis.
Protein concentrations were determined with use of the bicin-
choninic acid (BCA) protein assay (Sigma) with bovine serum
albumin as a standard. Twenty micrograms of protein per lane
were separated discontinuously on sodium dodecyl sulfate
polyacrylamide gels (12%) and were transferred to a polyvi-
nyldifluoride membrane (Immobilon-P; Millipore, Eschborn,
Germany). After blockade of nonspecific binding sites, mem-
branes were incubated for two hours at room temperature with
goat polyclonal anti-COX-1 and goat polyclonal anti-COX-2
antibodies (each 1:200; Santa Cruz Biotechnology, Heidelberg,
Germany) followed by peroxidase-conjugated donkey poly-
clonal anti-goat I1gG (1:40000; Santa Cruz Biotechnology) as a
secondary antibody. Ponceau-S staining of membranes served
to check for equal loading of lanes.
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Fig. 2
Immunohistochemical staining of cyclooxygenase (COX)-2 expression in
skeletal muscle tissue without trauma (A) and at eight hours after
closed soft-tissue injury (B). Note the COX-2 positive cells located in
the perivascular connective tissue of injured muscle, while noninjured
muscle shows minimal, if any, cellular immunoreactivity for COX-2.
Scale bars represent 15 pym. The bar graph (C) displays quantitative
analysis of COX-2- expressing cells per high power field (HPF) in exten-
sor digitorum longus muscle during the eighteen-hour time-period after
trauma (four animals per time-point). The values are given as the mean
and the standard error of the mean.

SELECTIVE COX-2 INHIBITION REVERSES MICROCIRCULATORY
AND INFLAMMATORY SEQUELAE AFTER TRAUMA

Protein expression was visualized by means of luminol-
enhanced chemiluminescence (ECL Plus; Amersham Phar-
macia Biotech, Freiburg, Germany) and exposure of the
membrane to a blue light-sensitive autoradiography film
(Kodak BioMax Light Film; Kodak Industrie, Chalon-sur-
Saone, France). Signals were assessed densitometrically (Gel-
Dokumentations-Systeme E.A.S.Y. Win32; Herolab GmbH,
Wiesloch, Germany).

COX-1 and COX-2 protein expression was assessed in
the two parecoxib groups and the saline-solution group at
eighteen hours after trauma induction, and it was assessed at
eighteen hours in the sham-treated animals of the control
group. The kinetics of COX-1 and COX-2 expression were in-
vestigated with use of protein extraction from extensor digi-
torum longus tissue obtained from additional animals (five
animals per time-point) that were killed at four, eight, twelve,
and eighteen hours after the induction of trauma. Extensor
digitorum longus muscle from animals without induction of
trauma was harvested at either zero hours (the Oh-sham
group) or eighteen hours (the 18h-sham group) and served as
control tissue.

Histology and Immunohistochemistry

At the end of each experiment (eighteen hours after trauma),
extensor digitorum longus muscle tissue was fixed in 4%
phosphate-buffered formalin for two to three days and was
then embedded in paraffin. From the paraffin-embedded tis-
sue blocks, 4-um sections were cut and stained with hema-
toxylin-eosin for histological analysis. To assess the temporal
profile of trauma-associated COX-2 expression, immunohis-
tochemistry was performed in extensor digitorum longus
muscle tissue of additional animals (four animals per time-
point), which were killed at four, eight, twelve, and eighteen
hours after trauma. Extensor digitorum longus muscle tissue
from animals without trauma induction was harvested at ei-
ther zero hours (the Oh-sham group) or eighteen hours (the
18h-sham group). COX-2 was detected by means of a goat
polyclonal anti-COX-2 antibody (1:1000; Santa Cruz Bio-
technology), followed by a donkey polyclonal anti-goat anti-
body (Santa Cruz Biotechnology) and counterstained with
new fuchsin (Fuchsin Substrate-Chromogen System; Dako,
Carpinteria, California) and haemalaun. Quantitative analy-
sis was performed by counting the number of COX-2 posi-
tive cells in fifty consecutive high-power fields (400 times
magnification).

Statistical Analysis

The results were given as the mean and the standard error of
the mean. After proving the assumption of normality, com-
parisons between the experimental groups were performed by
one-way analysis of variance, followed by the appropriate post
hoc multiple comparison procedure, including Bonferroni
correction (SigmaStat; Jandel, San Rafael, California). To as-
sess the correlations between different microcirculatory pa-
rameters, Pearson product moment correlation analysis was
used. Significance was set at p < 0.05.
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Fig. 3

Functional capillary density of skeletal muscle tissue at eighteen hours
after soft-tissue trauma and treatment with saline solution (seven ani-
mals) or parecoxib (fourteen animals). Parecoxib was applied either di-
rectly prior to trauma (parecoxib-Oh) in seven animals or at two hours
after trauma (parecoxib-2h) in seven animals. Seven animals without
trauma served as controls (sham). The values are given as the mean
and the standard error of the mean. The asterisk indicates a significant
difference compared with the sham group (p < 0.05). The pound sign
indicates a significant difference compared with the saline solution-
treated animals (p < 0.05).

Results
Western Blot Analysis of COX-1 and COX-2
Expression in Skeletal Muscle Tissue
As illustrated by Western blot analysis of rat skeletal mus-
cle tissue, controlled impact device-induced closed soft-
tissue injury caused a transient increase in COX-2 protein
expression with peak levels at eight hours and twelve hours
after trauma induction, followed by a recovery to almost con-
trol levels at eighteen hours (Fig. 1, A and B). In line with
this, animals assessed at eighteen hours after trauma did not
differ with respect to COX-2 expression compared with
sham-operated control animals regardless of being given sa-
line solution or parecoxib before or after the injury (data not
shown). Trauma induction was not only accompanied by an
upregulation of the inducible isoform but also caused a pat-
tern of COX-1 protein expression comparable with that seen
for COX-2 protein (Fig. 1, Cand D).

COX-2 Immunohistochemistry

of Skeletal Muscle Tissue

In parallel with the kinetics of COX-2 protein expression, cells
in the perivascular connective tissue of injured muscle showed
marked immunoreactivity for COX-2 (Fig. 2, A and B). Quan-
titative analysis of COX-2-expressing cells revealed an increase
from four to twelve hours after trauma, with a threefold in-
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crease at eight hours (Fig. 2, C), decreasing to essentially base-
line at eighteen hours.

Systemic Hemodynamics

Animals in the four experimental groups did not differ with
respect to mean blood pressure or heart rate (see Appendix).
Moreover, no differences were detected in hemoglobin, hema-
tocrit, leukocyte count, and electrolytes among the groups. Of
interest is the observation that animals treated with saline so-
lution revealed a marked thrombocytopenia compared with
those treated with parecoxib and those in the sham group (see
Appendix).

Microvascular Perfusion in

Closed Soft-Tissue Injury

Closed soft-tissue trauma caused a substantial impairment in
nutritive capillary perfusion, with mean value (and standard
error of the mean) of 296 + 30 cm/cm’, whereas treatment
with parecoxib, even when applied two hours after trauma, re-
stored nutritive capillary perfusion up to almost physiological
baseline values, 474 £ 11 cm/cm’ for the sham group, 434 + 15
cm/cm’ for the parecoxib-Oh group, and 399 + 8 cm/cm’ for
the parecoxib-2h group, as observed in the sham control ani-
mals (Fig. 3). In line with nutritive perfusion failure, high
NADH autofluorescence of skeletal muscle tissue was ob-
served after closed soft-tissue injury in saline solution-treated
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Fig. 4

Pearson product-moment correlation analysis between values of func-
tional capillary density and nicotinamide adenine dinucleotide (NADH)
autofluorescence of skeletal muscle tissue at eighteen hours after
trauma and treatment with saline solution (squares) in seven animals
or parecoxib in fourteen animals. Parecoxib was applied either di-
rectly prior to trauma (triangles facing up) in seven animals or at two
hours after trauma (triangles facing down) in seven animals. Seven
sham control animals without trauma (circles) served as controls. r =
regression coefficient.
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TABLE | Results of Intravital Fluorescence Microscopy with Assessment of Leukocyte and Thrombocyte Flow Behavior within

Postcapillary Venules*

Sham Saline Solution Parecoxib-Oh Parecoxib-2h
Leukocyte rolling (%) 15+ 3 47 + 57 19 + 3% 14 + 2%
Leukocyte adherence (n/mm?®) 100 + 20 854 + 73¢ 184 + 36F 186 = 32F
Thrombocyte adherence (n/mm?) 0.8+0.2 2.3+ 0.57% 1.0+0.41 0.8+ 0.1¥F

*The values are given as the mean and the standard error of the mean. Intravital fluorescence microscopy with assessment of leukocyte and
thrombocyte flow behavior within postcapillary venules was performed at eighteen hours after soft-tissue trauma and treatment with saline solu-
tion (seven animals) or parecoxib (fourteen animals). Parecoxib was applied either directly prior to trauma (parecoxib-Oh; seven animals) or at
two hours after trauma (parecoxib-2h; seven animals). Seven animals without trauma served as controls (sham). TCompared with the sham
group, the difference was significant (p < 0.05). ¥Compared with the saline solution-treated animals, the difference was significant (p < 0.05).

animals, indicating pronounced tissue hypoxia (mean, 100 + 4
aU compared with 68 £ 5 aU for the sham group). In contrast,
animals treated with parecoxib exhibited a marked reduction
of tissue NADH (73 + 2 aU for the parecoxib-0h group and 74
1 aU for the parecoxib-2h group), which is in line with the
concomitant improvement in capillary perfusion. Regression
analysis revealed a significant inverse correlation between
functional capillary density and NADH autofluorescence of
skeletal muscle tissue with a regression coefficient of r = -0.68
(p <0.05) (Fig. 4).

Capillaries were found to be significantly widened in
traumatized skeletal muscle (mean, 5.7 + 0.2 pm) compared
with nontraumatized sham controls (mean, 4.8 + 0.1 pm)
(p < 0.05). Capillary diameter was reduced to a mean of 5.2 £
0.2 pm in the animals that received parecoxib prior to trauma.
Parecoxib given after the injury was capable of completely re-
storing capillary diameter (mean, 4.9 £ 0.1 pm in the pare-
coxib-2h group compared with a mean of 5.7 £ 0.2 pm in the
saline-solution group; p < 0.05). Venular red blood-cell veloc-
ity was slightly decreased in the saline-solution-treated ani-
mals and the parecoxib-treated animals, but it was not
significantly different from that in the sham control animals
(data not shown) (analysis of variance, p = 0.11).

Inflammatory Cell Response in

Closed Soft-Tissue Injury

Soft-tissue trauma was characterized by an inflammatory
cell response with significant (p < 0.05) increases in leuko-
cytes, both rolling along (threefold) and firmly attaching to
the venular endothelium (eightfold). Parecoxib, given either
prior to trauma or two hours after injury, effectively limited
the inflammatory response with low numbers of leukocytes
interacting with the venular endothelium, which was com-
parable with the numbers observed in sham control animals
(Table I).

Following trauma, the saline solution-treated animals
revealed enhanced intravascular thrombocyte accumulation,
which was absent in the animals treated with parecoxib before
or after injury (Table I). Intramuscular accumulation of leu-
kocytes was significantly (p < 0.001) correlated with that of
thrombocytes (r = 0.62).

Discussion

hese results show that both preinjury and postinjury ap-

plication of the selective COX-2 inhibitor parecoxib is
effective in treating trauma-induced microcirculatory distur-
bances with almost complete restoration to normal by eigh-
teen hours after the trauma in this animal model. These
observations, together with the upregulation of COX-2 pro-
tein expression after skeletal muscle trauma, suggest a role for
COX-2 in the response to soft-tissue injury.

Closed Soft-Tissue Injury
This model of closed soft-tissue injury mimics the characteris-
tics observed clinically in patients experiencing high-energy
trauma and demonstrates a marked decrease in capillary perfu-
sion as well as a marked increase in leukocyte-endothelial cell
interaction and microvascular permeability”. Besides direct tis-
sue destruction caused by the impact itself, tissue damage re-
sults from traumatically induced inflammatory reactions, with
tissue hypoxia being the most likely trigger. In line with this, in-
jured muscle revealed a marked increase in tissue NADH auto-
fluorescence, indicating pronounced tissue hypoxia. In general,
the interruption of oxidative phosphorylation due to an in-
adequate oxygen supply is reflected by an increase in NADH
levels”. NADH fluorimetry allows noninvasive investigation of
organ metabolism, reflecting alterations in oxidative phosphor-
ylation®. So far, enhanced NADH fluorescence caused by hy-
poxia has been monitored in rat liver tissue in vivo upon
postischemic reperfusion and hemorrhagic shock™*. We now
demonstrate the strong inverse correlation between capillary
perfusion and NADH fluorescence within traumatized skeletal
muscle tissue. The insufficient oxygen supply can be attributed
mainly to trauma-induced perfusion shutdown of individual
capillaries, but it may in addition be due to capillary vasomotor
dysfunction®, as indicated in the present study by extreme dila-
tation of these microvascular segments. Although the mecha-
nisms of capillary diameter control in skeletal muscle tissue are
incompletely known, it is reasonable to speculate that pericytes,
endothelial cells, and the endothelin-nitric oxide system also
control vascular diameter in muscular tissue, as has been shown
for hepatic and pancreatic tissue®”.

The results of this study extend our previous obser-
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vations by demonstrating that injured muscle shows both
leukocytic and thrombocytic sequestration. In this study, in-
traorgan thrombocyte accumulation after injury was severe
enough to be associated with systemic thrombocytopenia. It
has been reported that peripheral soft-tissue trauma causes
massive intrapulmonary trapping of thrombocytes™”, but, to
our knowledge, sequestration of platelets within the injured
tissue itself has not been previously demonstrated. Since plate-
lets generate an array of proinflammatory mediators and oxy-
gen radicals, they, like leukocytes, might be regarded as both
mediator and effector cells”. This is further supported by the
fact that, in the present study, the accumulation of throm-
bocytes strongly correlates with that of leukocytes.

COX-2 Inhibition in Closed Soft-Tissue Injury

Our data showing the strong ability of parecoxib to limit fea-
tures of microvascular and inflammatory tissue damage impli-
cate COX-2 as a potential mediator of soft-tissue injury. This
view is underscored by the transient upregulation of COX-2,
as shown by the time-course studies with use of both Western
blot analysis and immunohistochemistry. Comparably, COX-
2 has been reported to be upregulated in surgery-associated
paraspinal muscle injury, but peak levels were not reached be-
fore three days’.

Although the present study exclusively focused on the
inhibition of the inducible COX-2 isoform in soft-tissue in-
jury, there is evidence that the contribution of each isoform to
the prevention or development of disease is more complex
than originally described. For example, one study has demon-
strated that COX-1 inhibition equals that of COX-2 in efficacy
to attenuate lipopolysaccharide-induced hepatic injury™. That
study and other reports™ have challenged the current para-
digm of a selective role of COX-2 in the inflammatory response
of tissue to injury. The present observation that soft-tissue
trauma caused an increase in COX-1 protein as well as COX-2
suggests that COX-1 may be involved in the response of soft
tissue to injury.

Besides their proinflammatory activities, prostaglandins
have been shown to be beneficial in the resolution of tissue in-
jury and inflammation. For example, prostacyclin exerts potent
antiaggregatory and antiadhesive properties. Thus, inhibition of
COX-2 as the predominant prostaglandin endoperoxide syn-
thase not only may be of benefit but also may result in augmen-
tation of the inflammatory response. Accordingly, it has been
shown that superfusion of mesenteric venules with the COX-2
inhibitor, celecoxib, promotes leukocyte adherence®. Moreover,
inhibition of COX-2 exacerbated inflammation-associated co-
lonic injury in colitis models* and in both liver and bowel in-
jury upon resuscitation from hemorrhagic shock”. However,
COX-2 inhibitors have also been used successfully to reduce
inflammation, as evidenced by attenuation of ischemic® and
traumatic brain injury”, postischemic liver injury**, and pan-
creatitis-associated local and remote organ injury**. We now
report that the acutely injured muscle benefits from immediate
COX-2 inhibition, whether it is administered before or after
trauma. The observation that preinjury and postinjury admin-
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istration of parecoxib provided nearly identical efficacy suggests
that COX-2 exerts its deleterious effects not earlier than two
hours after trauma in this animal model. This suggests that
there might be a therapeutic window to allow for successful
postinjury treatment.

Parecoxib-induced reduction of leukocyte response within
the injured tissue is presumably due to a reduction in endo-
thelial ICAM (intercellular adhesion molecule)-expression, as
this has been shown for the COX-2 inhibitor meloxicam in di-
abetic retinopathy*. Reduced leukocyte adherence in outflow
venules of parecoxib-treated animals may be associated with a
lower resistance to flow due to a higher cross-sectional area®,
which, in turn, may indirectly support better capillary perfu-
sion. Moreover, reduced leukocyte adherence goes along with
less blood viscosity*, which additionally improves microvas-
cular flow conditions.

In summary, the protective effect of COX-2 inhibition
implies that COX-2 contributes to trauma-induced soft-tissue
injury. COX-1 could also be targeted in order to limit tissue in-
jury, but this approach is hampered by the multiple side effects
exerted by the commonly available nonselective COX inhibi-
tors. Thus, selective COX-2 inhibitors exhibiting low side effects
may be of superior therapeutic value in protecting the microcir-
culation and preserving skeletal muscle from secondary inflam-
matory tissue damage following closed soft-tissue injury.

Appendix

A table presenting the hemodynamic and hematologic
@ parameters measured in all four study groups is available
with the electronic versions of this article, on our web site at
jbjs.org (go to the article citation and click on “Supplementary
Material”) and on our quarterly CD-ROM (call our subscrip-
tion department, at 781-449-9780, to order the CD-ROM). m
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