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Abstract
Background—Trauma is a leading cause of death and although the gut is recognized as the
“motor” of post-traumatic systemic inflammatory response syndrome and multiple organ failure,
studies on the gastrointestinal tract are few. Our objectives were to create a precisely controllable
tissue injury model in which gastrointestinal motility, systemic inflammation and wound fluid can
be analyzed.

Methods—A non-narcotic murine trauma model was developed by the subcutaneous dorsal
trans-implantation of a devitalized donor syngeneic harvested tissue-bone matrix (TBX), which
was precisely adjusted to % total body weight and studied after 21 hrs. Gastrointestinal transit
histograms were plotted after the oral administration of non-digestible FITC-dextran and
geometric centers calculated. Organ bath evaluated jejunal circular muscle contractility. Multiplex
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electrochemiluminescence measurements of serum and TBX wound fluid inflammatory mediators
were performed.

Key Results—Increasing TBX amounts progressively delayed transit, whereas TBX heat
denaturation or decellularization prevented ileus and death. In the TBX17.5% model, jejunal
muscle contractility was suppressed and a systemic inflammatory response developed as
significant serum elevations in IL-6, keratinocyte cytokine and IL-10 compared to sham.
Additionally, inflammatory responses within the wound fluid showed elevated levels of preformed
IL-1β and TNF-α, whereas, 21 hours after implantation IL-1β, IL-6 and keratinocyte cytokine
were significantly increased in the wound.

Conclusions & Inferences—A novel donor tissue-bone matrix trauma model was developed
that is precisely adjustable and recapitulates important clinical phenomena. The non-narcotic
model demonstrated that increasing tissue injury progressively caused ileus, initiated a systemic
inflammatory response and developed inflammatory changes within the wound.
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INTRODUCTION
Trauma is the most common cause of death among individuals between 1 and 45 years of
age in the US and the main cause of early mortality among the population worldwide.
Yearly, nearly 40 million people suffer from a traumatic injury with over 150,000 deaths
occurring in the United States with motor vehicle accidents being the most common cause.
Additionally, traumatic injury is all too frequently a consequence of active military combat
service and acts of civilian terror. Annually, health care costs directly related to trauma are
approximately $117 billion and only heart disease ranks higher. Thus, the human, medical,
and financial toll of trauma is staggering making the elucidation of the underlying
pathophysiological mechanisms of trauma crucial to effective therapeutic intervention (CDC
Injury Factbook - 2006).

Blast-related injury as a result of improvised explosive devices is the main mechanism of
injury on the modern battlefield and in civilian acts of terror. The emergence of advanced
body and vehicular armor has shifted the anatomy of wounding to the extremities, with
nearly 80% of personnel wounded during combat or acts of terror having one or more of
their extremities injured. High-energy blast wounds are notoriously complex, characterized
by massive zones of limb and life-threatening injury and gross contamination by bacteria,
devitalized tissue, and retained metal and composite materials. Treatments near the
traumatic incident, the rapid evacuation of casualties and utilization of advanced medical
technologies have improved the initial survival of service members during wartime
operations. The overall impact of these systematic advances has been an unparalleled
increase the number of casualties with devastating wounds, which progress to developing a
systemic inflammatory response, gastrointestinal ileus, vasodilatation, increased
microvascular permeability, fluid sequestration, generalized tissue hypoxia, activation of
clotting mechanisms, and microcirculatory plugging leading to remote organ damage.

Traumatic injury triggers a highly complex cascade of acute metabolic, endocrine, and
immune responses that involve recruitment of platelets, coagulation factors, neutrophils, B
cells and T cells to the site of injury, modulated by a profound system-wide release of
circulating pro-inflammatory cytokines. From a teleological perspective, the ultimate
outcome of the patient is governed by the ability to achieve a delicate balance in pro-
inflammatory and anti-inflammatory host responses. When there is disequilibrium resulting
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in an exaggerated production of pro-inflammatory circulating cytokines, the systemic
inflammatory response syndrome (SIRS) emerges, which can lead to multiple organ
dysfunction syndrome (MODS) with a mortality rate of nearly a third in severely wounded
patients. Moreover, a systemic inflammatory response may result in a maladaptive
compensatory anti-inflammatory response syndrome (CARS) with its characteristic
increased risk of infection associated with CARS-related immunosuppression (1).

Cytokine-mediated dysregulation of the inflammatory response to severe trauma is a well
recognized component of SIRS and MODS. There is little doubt that the gut plays a
determining role in the pathophysiology of the body’s response to trauma(2). The gut
appears to be particularly vulnerable to developing dysfunctional activity, including gastric
stasis and severe gastrointestinal ileus. This is clinically evident by the general inability to
enterally feed the severely injured trauma patient which subsequently plays a major
detrimental role in limiting vital nutritional support for the critically ill. Moreover, the
trauma induced gut stasis leads to bacterial overgrowth and disruption of the mucosal barrier
resulting in bacterial translocation and systemic infection. This complication further incites
an infections systemic inflammatory response through massive cytokine release, which
further exacerbates local enteric dysfunction and potentiates remote organ dysfunction
threatening the hosts ability to survive (3).

Presently, the mechanisms which cause severe gastrointestinal stasis after peripheral
traumatic injury are virtually unknown. Mechanistic insights into traumatic shock have been
gained through models of systemic hemorrhage combined with laparotomy. But the
subsequent molecular and functional responses in this model are appropriately interpreted as
a modulation of the ischemia/reperfusion response by minor tissue injury. Short term studies
have used systemic hemorrhage combined with femur fracture, but after resuscitation there
is an obligatory use of analgesics in these models, which confounds the interpretation of the
mechanistic data. Unfortunately the use of analgesics introduces a myriad of incalculable
pharmacological effects on immune, lung and gastrointestinal functions. Additionally,
current experimental models consisting of soft tissue injury and orthopaedic fractures are
difficult to standardize, and the notoriously confounding variable of pain is very challenging
to mechanistically isolate (4). Furthermore, it is problematic to analyze and determine the
role of wound fluid biomarkers in these models, as importantly the wound precipitates SIRS
and MODS.

Currently, there is no reliable, precisely adjustable resuscitation animal model of peripheral
traumatic injury in which to investigate the molecular mechanisms which cause severe
gastrointestinal stasis. Therefore, the objective of this study was to develop a novel
peripheral tissue trauma prototype that would overcome the limitations and confounding
variables of existing models and which would begin to elucidate the molecular and
functional mechanisms which cause gastrointestinal stasis. We demonstrate in this
manuscript that this can be successfully accomplished by the subcutaneous dorsal trans-
implantation of a syngeneic harvested tissue-bone matrix (TBX) into a naïve host mouse.

METHODS
Tissue-Bone Matrix Model and Groups

The experimental design used in this study was approved by the Institutional Animal Use
and Care Committee of the University of Pittsburgh. Male C57/BL6 mice (Jackson
Laboratories, Bar Harbor, ME, age, 8–10 wks; weight 20 to 30 g) were used. The trauma
model consisted of the subcutaneous dorsal trans-implantation of a devitalized syngeneic
tissue-bone matrix (TBX = minced rib cage, long bones and overlying skeletal muscle) into
a subcutaneous pouch covering most of the back of a naïve recipient mouse anesthetized
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with isofluorane inhalation (3%) through a small cutaneous dorsal/caudal slit of 1 cm. The
TBX was prepared by the sterile harvesting and blade mincing of the skinless legs and rib
cage of a syngeneic donor mouse in a 5% penicillin/streptomycin antibiotic solution (% of
harvested TBX weight). The sterility of the TBX was microscopically confirmed at the time
point of implantation and at sacrifice by tissue culturing a 25 mg sample of the engrafted
TBX in DMEM for 24 hours. We constructed eight groups of 4–6 animals each for this
study: unoperated control, TBX17.5% sham and recipients receiving
TBX5%, 10%, 15%, 17.5%, 20% and 25% (% body weight). TBX sham animals consisted of
anesthesia and a subcutaneous installation into a back pouch of a volume matched penicillin/
streptomycin antibiotic solution 5% into the dorsal subcutaneous space. Additionally, groups
of mice were trans-implanted with heat inactivated TBX17.5% by heating the TBX to 90° C
for 2 hours before implantation or with mild peracetic acid decellularization of the TBX20%.
Animals were sacrificed 21 hours after syngeneic TBX trans-implantation under 3%
isoflurane inhalation anesthesia and cardiac bleed.

In vivo Gastrointestinal Transit
To determine the effects of TBX on in vivo gastrointestinal motility, we measured the aboral
transit of non-digestible, non-absorbable fluorescein isothiocyanate-labeled dextran with an
average molecular mass of 70 kDa (FD70)(Sigma), as described previously (5;6). In brief,
each mouse was orally fed a 10μl bolus of FD70 and then after a period of 75 min of
gastrointestinal transit, the animal was sacrificed by isoflurane inhalation overdose. The
entire gastrointestinal tract from lower esophageal sphincter to anus was excised and divided
into 15 segments: stomach, small intestine (divided into 10 segment of equal length), cecum,
and colon (divided into 3 segments of equal length). Each segment was opened in a 2 ml
tube with 800μl of saline, vortexed to release the intra-lumenal FD70 tracer, cleared by
centrifugation (10,000 rpm for 10 min) and fluorometrically assayed for FD70 signal in a
plate reader (Molecular Device). The distribution of the FD70 along the gastrointestinal tract
was plotted in a distribution histogram and quantified by calculating the geometric center
(GC) using the following formula: GC = Σ(% of total fluorescent signal per segment ×
segment number)/100.

In vitro Jejunal Circular Muscle Contraction
To determine the effects of TBX17.5% which produced significant ileus on the intestinal
contractile unit, we evaluated the contractile effects of the muscarinic agonist bethanechol
on mid-jejunal full thickness circular smooth muscle strips in vitro using a standard organ
bath. Briefly, mucosa-free individual circular muscle strips (1.5 mm wide) were mounted
horizontally in organ bath chambers perfused with a prewarmed (37 °C), pH adjusted and
oxygenated modified Krebs solution. After equilibration, normalized spontaneous and
muscarinic dose-dependent intestinal smooth muscle contractile responses (bethanechol, 0.3
μM to 300 μM) were assessed by measuring the integral area under the contraction over a
period of 10 minutes.

Multiplex Electrochemiluminescence Measurement of Inflammatory Mediators
Blood samples from naïve controls, sham and TBX17.5% implanted mice were harvested by
cardiac puncture at the time of sacrifice and immediately cold centrifuged to obtain serum,
which were then aliquoted and stored at −80°C. The supernatant fluid from freshly
harvested TBX and wound TBX collected 21 hours after trans-implantation was obtained by
cold centrifugation (5000 rpm) of the minced TBX, which was then aliquoted and stored at
−80°C. Each serum and TBX fluid was analyzed for concentrations of IFN-γ, IL-1β, IL-10,
IL-12 p70, IL-6, KC/CXCL1 and TNF-α. Samples were thawed on ice and filtered using
Ultrafree-MC Centrifugal Filter Units with Microporous Membrane (d=0.65μm) from
Millipore (Billerica, MA) for 5 minutes in a refrigerated centrifuge (4°C) at 10000g to
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remove all the solid and clotted material. Additionally, due to high concentration of analytes
in wound fluid, these samples were 10-fold diluted prior to analysis. Mouse
Proinflamatory-7 Ultrasensitive Kit (Meso Scale Discovery, Gaithersburg, MD) was used
for assessing chemokine and cytokine concentrations. The assay employs a sandwich
immunoassay format where capture antibodies are coated on multi-array plates. Cytokine
levels are quantified using a cytokine-specific Detection Antibody labeled with MSD
SULFO-TAGTM reagent (electrochemiluminescence reaction) and analyzed on the Sector
Imager SI6000 (Meso Scale Discovery, Gaithersburg, MD).

Data Analysis
Data analysis was performed using the MSD Discovery Workbench TM2006 MSD_3_0_18
software (Meso Scale Discovery, Gaithersburg, MD) and Microsoft Excel. Results are
reported as mean ± standard error (SEM unless otherwise specified. Statistical significance
was determined using Student t-test or analysis of variance (ANOVA). EZ Analyze add-in
for Microsoft Excel was used for F-test and Bonferroni correction applied for posthoc group
comparisons where appropriate. Two-tailed p values of < 0.05 were considered statistically
significant.

RESULTS
Transplanted Syngeneic Subcutaneous Tissue Injury Model

Recognizing that direct injury would require the use of gut altering analgesics, we
“transplanted” the injury by harvesting syngeneic tissue and underlying bone from the
skinned legs and rib cage of a syngeneic donor mouse, mincing it with blades and
implanting it into the subcutaneous dorsal space of a host mouse. The tissue-bone matrix
(TBX) was prepared and confirmed sterile at the time point of implantation and at sacrifice.

This transplanted syngeneic tissue injury model was reliably constructed and the amount of
injury could be precisely adjusted by implanting specific amounts of the sterile TBX based
on the body weight of the host mouse (5–25%). The organ systems of the injury-implanted
host mouse were then allowed to respond over time to the damaged tissue without the
confounding effects of analgesics. The injury-implanted host mice receiving TBX lacked
behavioral indicators of stress for the first six hours after recovering from anesthesia.
However, over the next 10–12 hours >10% TBX mice progressively became less mobile and
developed a huddled and hunched posture with rapid breathing. Approximately 16 hours
after trans-implantation the TBX20% mice would ambulate minimally upon prodding and
were sacrificed. In contrast, as expected sham surgery with antibiotic injection did not
overtly alter the behavior of the mice after recovery from anesthesia compared to controls.

Tissue-Bone Matrix Induction of Gastrointestinal Ileus
Although the response of any organ system to the implanted tissue injury can be studied
with this model, in this study we focused on the gastrointestinal tract because of its key role
in the trauma patient. Utilizing the syngeneic TBX model without confounding
pharmacological effects, we determined the effect of graded tissue injury on gastrointestinal
motility after 21 hours of implantation. As shown in Figure 1A, in sham mice the FD70
motility marker progressed to the distal regions of the small bowel, cecum and proximal
colon after 75 minutes. In contrast, increasing graded amounts of TBX contributed to an
ever mounting delay in gastrointestinal transit, which became noticeable in mice implanted
with TBX15%. In TBX17.5% implanted mice, the liquid fluorescent marker after 75 minutes
demonstrated 3.5% of the marker retained in the stomach and a severe delay in intestinal
motility. Calculating the geometric center from the individual transit distributions
statistically demonstrated that TBX implantation of 15% or higher resulted in a significant
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delay in gastrointestinal transit (Figure 1B). Interestingly, the host mouse response to TBX
of greater than 17.5% of its body weight produced lethality within 21 hours.

The TBX model, in addition to being precisely adjustable and free of confounding drug
effects, can be uniquely manipulated by technically modifying the implanted TBX to
investigate the deleterious inciting components within the TBX. We have observed that heat
inactivation of the TBX17.5% (90° C for 2 hours) before implantation completely removes
the interactive response of producing ileus (Figure 1B). And, likewise, mild peracetic acid
decellularization of the TBX20% prevented the development of gastrointestinal ileus and
death (Figure 1B). These studies indicate that the stripped matrix itself is not an inciting
factor, but it remains to be determined if its degradation products by active cellular
components might play a significant role.

We next performed experiments to further investigate the effects of the peripheral tissue
trauma induced ileus on in vitro jejunal circular smooth muscle contractions using standard
organ bath techniques. As seen in Figure 2, spontaneous circular muscle contractions
generated from sham treated mice were robust, whereas spontaneous contractions from TBX
mice harvested after 21 hours were comparatively diminished (0.63±0.089 vs. 0.23±0.052
mg/mm2/sec, p<0.05). Likewise, bethanechol stimulated contractions were also markedly
suppressed by the implanted TBX (bethanechol 100μM: 3.48±0.392 vs. 1.96±0.564,
p<0.05). Thus, through a series of events peripheral tissue injury caused a sustained
suppression in smooth muscle contractility which would appear to have contributed to the
development of gastrointestinal ileus.

Tissue-Bone Matrix Induction of a Systemic Inflammatory Response
A key clinical feature of the trauma patient is the development of the detrimental systemic
inflammatory response syndrome. Therefore, we sought to determine the systemic serum
expression of certain prototypical inflammatory mediators (IL-1β, IL-6, IL-10, IL-12p70,
IFN-γ, keratinocyte cytokine and TNF-α) in the TBX17.5% model after 21 hours of post-
injury implantation. Electrochemiluminescence detection of inflammatory proteins
demonstrated that the subcutaneous implanted injured tissue caused significant serum
elevations in IL-6, keratinocyte cytokine (KC) and IL-10 compared to control and the sham
surgical groups (Figure 3). As may have been expected for TNF-α, particular cytokines
(IL-1β, IL-12p70, IFN-γ and TNF-α) were not significantly altered at this 21 hour time point
after TBX implantation. Hence, the TBX host develops a systemic inflammatory response at
a late time point for a select group of mediators.

Inflammatory Responses within the Tissue-Bone Matrix Wound Fluid
Understanding the molecular and cellular interactions between the host and the traumatic
wound is crucial to developing therapeutic interventions. In addition to the previously
mentioned advantages of the TBX model, we can also show that this mouse model is
uniquely suited for wound fluid analysis. As seen in Figure 4, the centrifuged supernatant
from control serum, freshly minced TBX fluid and trans-implanted wound fluid obtained
from the re-harvested TBX17.5% after 21 hours can be analyzed by 7-plex electrochemi-
luminescence for inflammatory mediators. Interestingly, three different patterns of cytokine
expression were detected compared to normal mouse serum. Figure 4A shows that IL-1β
exhibited increased levels in both the fresh TBX supernatant and in the re-harvested TBX
wound fluid. The measurement of TNF-α showed an increased presence only in the fresh
TBX supernatant (Figure 4C). IL-6 and keratinocyte cytokine were significantly increased
only in the re-harvested TBX17.5% after 21 hours of implantation indicating that these
cytokines were generated only after implantation(Figure 4B and 4D).
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DISCUSSION
Clinical outcomes and survival rates for trauma patients have incrementally increased over
the past decade primarily due to advances in trauma systems, including timing and
capability of initial response, rapid transport, effective resuscitation and damage control, and
supportive critical care. Traumatic death, however, remains a major clinical challenge
because, unfortunately, no specific therapies currently exist for post-traumatic multiple
organ failure(7). Therefore, the elucidation of the underlying pathophysiological
mechanisms of trauma, particularly those related to dysregulated inflammatory responses
(SIRS, MODS and CARS) is crucial to the development of new and effective therapeutic
interventions. A reliable animal model of peripheral traumatic injury, particularly one that
reproduces the contributory effects of the gastrointestinal tract on systemic inflammatory
responses, and one which can be precisely regulated to study these pathophysiological
mechanisms, has thus far been elusive. A novel donor tissue-bone matrix trauma model was
developed in the current study that is precisely adjustable, that recapitulates clinically
relevant biology, and one that provides an important means to study systemic and organ-
specific molecular and functional effects of trauma.

The gastrointestinal tract plays a determining role in the high morbidity and mortality of the
trauma patient (2;8). However, studies of the effects of trauma on the gastrointestinal tract
and secondary systemic effects have been hampered by the obligatory use of post-traumatic
analgesics in existing experimental models, which are known to have major untoward
pharmacological effects on multiple organ systems, especially gastrointestinal functions of
epithelial secretion and motility (9;10). The clinically phenomenon of gastrointestinal stasis
and the systemic release of numerous gut-derived inflammatory mediators following trauma
is well established. These post-traumatic events compromise the patient’s nutritional status,
increase the risk of aspiration pneumonitis, and contribute to gastrointestinal bacterial
overgrowth and mucosal breakdown, which are critical second hit events in the development
of a deleterious systemic inflammatory response.

To our knowledge, the specific effect of tissue injury on gastrointestinal motility has not
been previously investigated. This is in large part due to the lack of a reliable, adjustable and
long term animal model of tissue trauma to study the gastrointestinal tract. Clearly, a variety
of trauma/hemorrhage models exist with the traumatic injury in most studies consisting of a
laparotomy or bone fracture(4). The disadvantage of these current animal models is,
although the degree of wounding is a critical element in trauma models, the degree of tissue
trauma is often limited. In addition, all current trauma/hemorrhage experimental models
require analgesia to humanely study animals long-term after resuscitation – which has major
confounding multi-organ system effects, particularly on gastrointestinal motor and secretory
functions.

The first aim of this study was to successfully develop a reliable, adjustable and IACUC-
approved animal model of tissue trauma that can be studied over the short- and long-term,
which does not require the use of analgesics. We accomplished this by constructing a
precisely graded tissue injury mouse model, which consisted of “transplanting” specific
amounts of a sterile syngeneic injured tissue into a subcutaneous dorsal pouch of a host
mouse. Interestingly, trans-implanted tissue-bone matrix (TBX) of greater than 17.5% of the
animal’s body weight was lethal to the animal after an apparent behavioral full recovery
from the initial implantation procedure. Clearly, within the time frame of this study, the
animals did not severely decompensate from a loss of nutrition, but their rapid breathing
pattern suggested the development of an acute lung failure. Therefore, the TBX model could
be a reliable graded injury model for studying the pulmonary effects of tissue injury, as well.
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Importantly, we utilized the novel experimental TBX mouse model to reliably recapitulate
the frequent clinical problem of gastrointestinal stasis in trauma patients. The data showed
that increasing graded amounts of TBX over 10% of the animal’s body weight caused an
ever mounting delay in liquid gastrointestinal transit. Furthermore, the peripherally
implanted damaged tissue resulted in a significant sustained suppression in isolated jejunal
circular muscle contractions through as of yet unknown mechanisms. Severe gastrointestinal
stasis occurs in a significant number of trauma patients causing increased morbidity and
mortality. Although, nutritional support via the enteral route is preferred in the critically ill
trauma patient,, ICU patients fed naso-gastrically achieve only about half of their nutritional
goals(11). Furthermore, gastrointestinal stasis is frequently associated with an increased risk
of gastrointestinal bacterial overgrowth, aspiration of gastric contents, and secondary
pneumonia (12). Hence, an experimental model to specifically address the mechanisms of
trauma- induced gastrointestinal stasis is greatly needed.

Another noteworthy mechanistic advantage to this novel injury model is the ability to alter
the trans-implanted TBX before implantation. Here, we show that heat denaturation of the
TBX proteins completely eliminated the inciting deleterious effects of the TBX. It is well
known that cytosolic and nuclear proteins released extracellularly from injured tissue can
elicit a potent inflammatory response. In other organ systems, studies have shown that the
innate immune system and the endothelium are activated by a spectrum of intracellular
molecules including: IL-1α, IL-1β, heat shock proteins, urine acid, ATP, S100 proteins,
high-mobility group box-1 protein, histones and DNA-RNA-protein complexes) (13;14),
some of which exert their effects in part via specific pattern-recognition receptors, like the
Toll-like receptors(13;15). These first stage events subsequently activate coagulation factors,
initiate platelet aggregation and generate cytokines and chemokines which recruit
neutrophils, monocytes, B-cells and T-cells to the site of injury. All of which contributes to
the development of a systemic inflammatory response that potentially progresses to multiple
organ failure.

Similarly, trans-implantation of the isolated extracellular matrix of the TBX also eliminated
the lethality and intestinal motility effects in the model. However, it remains to be
determined if the degradation products of the extracellular matrix by active cellular
components might generate significant inflammatory agents which could participate in the
tissue injury response. Hyaluronic acid is a ubiquitous molecule and a major component of
the extracellular matrix which is synthesized into an extensive polymer. It is known that
during tissue injury, inflammation and clearance of cellular debris, fragmented hyaluronan is
released into the circulation by increased matrix metalloproteinase activity (16). Indeed,
serum elevations of hyaluronan have been measured in many inflammatory disorders and
fragmented extracellular matrix components (hyaluronan and fibronectin) themselves have
been shown to function as pro-inflammatory stimuli to macrophages and the endothelium
(17–19). Recently, it has been shown that the inflammatory events of the degraded
extracellular matrix are mediated through Toll-like receptors, TLR2 and TLR4, utilizing the
MyD88 dependent pathway and NF-κB activation (20;21).

Clinically, severe trauma results in the development of the systemic inflammatory response
syndrome, which can further cause multiple organ failure. In the TBX model, we measured
significant elevations in serum IL-6, keratinocyte cytokine and the anti-inflammatory
cytokine IL-10 twenty-one hours after exposure to tissue injury. It is known that serum IL-6
and IL-10 levels provide significant prognostic correlation and are independent risk factors
of morbidity and mortality in trauma patients (22;23). In contrast, at this particular time
point, we did not observe increases in serum IL-1β, IL-12p70, IFN-γ or TNF-α. However,
the expression of various inflammatory mediators is known to be time dependent and serum
analysis at earlier time points may have exhibited increases. Hence, a detailed temporal
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profile of specific inflammatory mediators would be of interest, when a rational mechanism
for the cause of gastrointestinal stasis can be proposed. Comparative studies utilizing
vascularized damaged tissue would also be note worth, as regions of vascularize tissue could
potentially display a different array of inflammatory mediators.

Understanding the molecular and cellular interactions between the host and the traumatic
wound is also crucial to developing therapeutic interventions for limiting the deleterious
systemic effects of trauma, and also for promoting tissue repair and regeneration. In addition
to the previously mentioned advantages of the TBX model, we can also show that this
mouse model is uniquely suited for investigating mediators within sterile wound fluid.
Interestingly, IL-1β and TNF-α were both significantly expressed in the freshly prepared
TBX fluid indicating that they were present in a preformed state. In contrast to TNF-α, IL-6
and keratinocyte cytokine were generated within the TBX wound fluid only after
implantation, while IL-1β was consistently present. The cytokine and chemokine protein
expression patterns in the wound fluid may be predictive of wound healing, as inflammatory
dysregulation has been shown within the serum and wound fluid of patients with delayed
wound healing (22). Additional studies combining the TBX model and clinical data should
allow the development of a wound biomarker panel which could predict wound healing
outcome as well as estimate the impact of tissue injury on various organ systems, in
particular the gastrointestinal tract. Considerable work has been done analyzing post-
traumatic bronchoalveolar lavage fluid and these studies have also shown higher levels of
TNF-α, IL-1β and IL-6, though primarily in hemorrhagic shock models of various species
(24). The cellular origins of specific inflammatory mediators of trauma are still unclear in
both clinical and experimental realms. In this unique model, whether the inflammatory
mediators were of donor or host origin remains to be determined, but future studies could
definitively determine this by trans-implanting genetically modified TBX harvested from
specific transgenic mice or utilizing specific transgenic host mice.

In summary, we have constructed and characterized a novel donor tissue-bone matrix trauma
animal model that is precisely controllable and reproducible, which recapitulates many
important clinical phenomena and can capitalize on the genetic tools available in a mouse
model. Importantly, the model does not require the obligatory use of narcotics as in other
models, and therefore lacks the incalculable confounding pharmacological effects of
narcotics on immune, lung and gastrointestinal functions thereby, for the first time, allowing
the study of post-traumatic gastrointestinal motility. Uniquely in this model, the devitalized
injured tissue and wound fluid can be experimentally manipulated and may provide
definitive investigations into the deleterious systemic effects of tissue injury, and provide
mechanistic insights into wound healing. Finally, this innovative model offers the capability
to study the long-term molecular and functional events of tissue trauma-induced
compensatory anti-inflammatory response syndrome in a precise manner, as well as,
multiple two-hit scenarios of trauma.
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ABBREVIATIONS

IL-1β interleukin-1beta

IL-6 interleukin-6

IL-10 interleukin 10

KC kerotinocyte cytokine

TNF-α tumor necrosis factor-alpha

TBX tissue-bone matrix

FD70 FITC-dextran

SIRS systemic inflammatory response syndrome

MODS multiple organ dysfunction syndrome

CARS compensatory anti-inflammatory response syndrome
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Figure 1.
Effect of devitalized tissue injury on gastrointestinal transit. Panel 1-A: Increasing graded
amounts of tissue injury produced by the subcutaneous dorsal trans-implantation of a tissue-
bone matrix (TBX) into a host caused a progressive delay in gastrointestinal transit as
measured by the gastrointestinal distribution of an orally fed bolus of a non-digestible, non-
absorbable FITC-dextran (70 kD) after 75 minutes. Sham implantation with subcutaneous
administration of antibiotics did not delay gastrointestinal transit. Increasing the amount of
tissue injury based on % body weight caused a marked delay in transit in TBX15% and
TBX17.5% groups of mice measure 21 hours after implantation. Panel 1B: Calculated
geometric center values from gastrointestinal transit data demonstrates a progressive delay
in gastrointestinal transit with increasing graded amounts of tissue injury (TBX) after 21
hours of exposure with a significant transit delay using TBX15% and a severe stasis using
TBX17.5%. Trans-implantation of TBX in amounts greater than 17.5% was lethal to the mice
(N=4). Experimental manipulation of the TBX before trans-implantation by heat inactivation
or de-cellularization completely prevented the delay in transit caused by TBX17.5% and the
observed mortality with TBX20%, respectively.
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Figure 2.
Jejunal circular smooth muscle spontaneous and bethanechol stimulated contractions
recorded from sham and TBX17.5% groups of mice. The recorded spontaneous muscle
activity quantified over a period of 10 minutes was significantly diminished after
subcutaneous implantation of the TBX for 21 hours compared to sham treated mice
(0.63±0.089 vs. 0.23±0.052 mg/mm2/sec, p<0.05). Similarly, bethanechol dose-response
curve generated from the tissue injury mice was also markedly suppressed compared to
sham (bethanechol 100μM: 3.48±0.392 vs. 1.96±0.564, p<0.05).

Tsukamoto et al. Page 13

Neurogastroenterol Motil. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Serum inflammatory proteins induced by the subcutaneous dorsal trans-implantation of a
tissue-bone matrix (TBX17.5%) into a host caused a systemic inflammatory response
measured 21 hours after TBX implantation. Electrochemiluminescence detection of
inflammatory proteins demonstrated that the implanted injured tissue caused significant
serum elevations in IL-6 (Panel A), keratinocyte cytokine (KC) (Panel B) and anti-
inflammatory mediator IL-10 (Panel C) compared to control and the sham surgical groups.
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Figure 4.
Comparative expression of inflammatory proteins in control serum, freshly isolated
TBX17.5% fluid and re-harvested TBX17.5% wound fluid 21 hours after subcutaneous dorsal
trans-implantation demonstrated three patterns of cytokine expression.
Electrochemiluminescence detection of the inflammatory protein IL-1β (Panel A) was
significantly increased in the freshly isolated TBX fluid and in the re-harvested TBX wound
fluid compared to control serum. Panels B and D show that IL-6 and keratinocyte cytokine
(KC) levels were only increased in the re-harvested TBX wound fluid compared to control
serum and freshly isolated TBX fluid. On the other hand, TNF-α levels shown in Panel C
demonstrated a significant increase in TNF-α only in the freshly isolated TBX fluid
compared to control serum and the re-harvested TBX wound fluid after 21 hours of trans-
implantation.
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