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Abstract
Sepsis and trauma are both leading causes of death in the United States and represent major public health challenges.
Murine models have largely been used in sepsis and trauma research to better understand the pathophysiological changes
that occur after an insult and to develop potential life-saving therapeutic agents. Mice are favorable subjects for this type of
research given the variety of readily available strains including inbred, outbred, and transgenic strains. In addition, they are
relatively easy to maintain and have a high fecundity. However, pharmacological therapies demonstrating promise in
preclinical mouse models of sepsis and trauma often fail to demonstrate similar efficacy in human clinical trials, prompting
considerable criticism surrounding the capacity of murine models to recapitulate complex human diseases like sepsis and
traumatic injury. Fundamental differences between the two species include, but are not limited to, the divergence of the
transcriptomic response, the mismatch of temporal response patterns, differences in both innate and adaptive immunity,
and heterogeneity within the human population in comparison to the homogeneity of highly inbred mouse strains. Given
the ongoing controversy, this narrative review aims to not only highlight the historical importance of the mouse as an
animal research model but also highlight the current benefits and limitations of the model as it pertains to sepsis and
trauma. Lastly, this review will propose future directions that may promote further use of the model.
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Introduction
Despite significant advances in the diagnosis and management
of sepsis and trauma over the past few decades, severe

infection and injury continue to represent major public health
challenges (Cohen et al. 2015; El Mestoui et al. 2015; MacKenzie
et al. 2006; Vincent et al. 2014; Weir et al. 2010). Collectively, the
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estimated cost of treating major adult trauma and sepsis in the
United States is $51 billion annually (Lagu et al. 2012; Weir
et al. 2010). In addition to the considerable costs sepsis and
trauma impose on the health care system, they are both signifi-
cant sources of morbidity and mortality. Although in-hospital
mortality to sepsis has declined over the past few decades,
mortality remains unacceptably high, estimated at approxi-
mately 25–30% overall and as great as 40–50% when shock is
present (Cohen et al. 2015; Vincent et al. 2014). The declining
in-hospital mortality has been attributed, in part, to improve-
ments in the early recognition of sepsis with prompt initiation
of supportive measures such as the administration of intraven-
ous fluids and antibiotics (Rivers et al. 2001). However, others
have proposed the improved survival may be due to an
increase in reporting of less severe illness with the introduc-
tion of new diagnostic codes rather than a true change in the
outcome of the disease (Rhee et al. 2014). Regardless, 1-year
mortality from sepsis has remained unchanged with these al-
terations in the hospital course of the patient, such that physi-
cians may have replaced early mortality with late mortality
rather than improving long-term outcomes (Iwashyna et al.
2012).

Severe injury has followed a similar course to sepsis over
the last decade regarding mortality. Traumatic injury, including
suicides, is the leading cause of death in people <45 years of
age, and despite our efforts to streamline trauma care, in-
hospital mortality resulting from polytrauma remains exorbi-
tantly high, ranging from 7% to 19% (El Mestoui et al. 2015;
MacKenzie et al. 2006). Similar to sepsis, recent studies demon-
strate a modest improvement in survival over the past decade,
which has been primarily attributed to a more rapid transport
to a trauma center and early resuscitation of these patients
(Brown et al. 2010).

Unfortunately, the incidence of both sepsis and trauma is
not declining, and their impact is not solely limited to in-
hospital mortality (Lagu et al. 2012; Rhee et al. 2014; Xiao et al.
2006). Patients who survive their initial injury or septic insult
frequently succumb to late complications including chronic
critical illness and multi-organ failure (Gentile et al. 2012).
There is also increasing evidence of emerging phenotypes
within the sepsis, burn, and trauma populations, characterized
by persistent low-grade organ dysfunction and long-term
resource utilization with a failure to return to a previous func-
tional baseline, referred to as chronic critical illness, “induced
frailty,” and a “persistent inflammatory-immunosuppressive
and catabolic syndrome” (Mira et al. 2016).

Given the significant morbidity, mortality, and costs asso-
ciated with sepsis and trauma, clinicians and investigators
have made considerable efforts to attain a better understand-
ing of the underlying pathophysiology of these disease pro-
cesses, often through the use of animal models. The most
common species used for trauma and sepsis research has been
the mouse (Mus musculus) (Fink 2014). From preclinical mouse
studies, more than a hundred promising therapies have been
developed that target either inflammatory or immunosuppres-
sive pathways in an attempt to prevent or dampen the inflam-
matory response or stimulate protective immunity. Much to
the dismay of the research community, these therapeutic
agents have universally failed to demonstrate efficacy in hu-
mans despite demonstrating promise in preliminary animal
models (Dyson and Singer 2009; Fink 2014; Zanotti-Cavazzoni
and Goldfarb 2009). Not only are the proposed therapies largely
ineffective, but in some cases, the therapies paradoxically wor-
sen patient outcomes, prompting early termination of clinical

trials. To date, not a single therapeutic agent demonstrating
efficacy in preclinical animal models for sepsis or trauma is
currently utilized in clinical practice, forcing several research-
ers to question the value of animal models (Efron et al. 2015;
Fink 2014; Gentile et al. 2014a; Seok et al. 2013).

The murine model has been appropriately challenged in re-
gards to its ability to replicate complex human disease pro-
cesses. Not surprisingly, considerable controversy surrounds
the topic, given the mouse is the most common animal model
used in research, particularly in sepsis and trauma research.
Therefore, the aim of this review is to discuss the advantages
as well as the current limitations of the murine model in trans-
lational research as it pertains to sepsis and trauma. This
review will also highlight the historical importance of the
mouse as a model organism and discuss recent advances that
may increase the relevance of the murine model and further
promote its use.

Origin of the Mouse as a Model Organism
To gain a better understanding of the complex cellular and
molecular mechanisms that underlie disease processes, re-
searchers often use model organisms, since studying these pro-
cesses in humans is often not feasible. Several nonmammal
model organisms have been used, including but not limited to
E. coli, yeast, C. elegans, Drosophila, and zebrafish (Muller and
Grossniklaus 2010). While these organisms are suitable models
for studying individual developmental processes and cellular
functions such as the cell cycle, they are not ideal for studying
complex human physiological systems such as the immune,
nervous, cardiovascular, and endocrine systems, necessitating
mammalian models (Muller and Grossniklaus 2010). Of the
mammalian model systems, the mouse has risen as the pre-
mier model organism over the past century due to its genetic
and physiological similarities to humans. Furthermore, the spe-
cies provides an integrated biological system to study complex
pathological processes such as sepsis and traumatic injury. The
foundation of using mammalian model organisms such as the
mouse to study human physiology and pathology, however,
heavily relies on the similarities between species; hence, sig-
nificant efforts have been put forth to characterize both the hu-
man and mouse genome.

In 1990, the Human Genome Project was launched with the
goal of providing a complete and accurate sequence of the hu-
man genome. Not long after, in 1999, the Mouse Genome
Sequencing Consortium was established to sequence the entire
mouse genome. Collaboration between four large sequencing
centers including the Broad Institute/Massachusetts Institute
of Technology, Center for Genomic Research, the Washington
University Genome Sequencing Center, the Wellcome Trust
Sanger Institute, and the Baylor College of Medicine Human
Genome Sequencing Center along with the international data-
base, Ensembl, provided the entire genomic sequence of the
C57BL/6 strain of Mus musculus. The total length of the euchro-
matic mouse genome was determined to be 2.5 Gb, which is
approximately 14% smaller in comparison to the human gen-
ome, which contains 2.9 Gb (Mouse Genome Sequencing
Consortium et al. 2002). Despite this difference, there is a high
degree of conserved synteny between the two species (90%),
and alignment of the two genomes reveals several shared
nucleotide sequences (40%) (Mouse Genome Sequencing
Consortium et al. 2002).

In addition to comparing the entire genomic sequences of
these two species, researchers have performed multiple studies
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to examine specific differences in the genomic expression of
mice and humans in response to different forms of systemic
inflammation such as endotoxinemia, polymicrobial sepsis,
burns, and trauma/hemorrhage (Brownstein et al. 2006;
Calvano et al. 2005; Copeland et al. 2005; Lederer et al. 2008;
Xiao et al. 2011). Most of this data has been collected and is
available through the Inflammation and the Host Response to
Injury large-scale collaborative research program, otherwise
known as the “Glue Grant.” This data repository serves as a
resource to compare transcriptomic, proteomic, and pathway
similarities across species that are relevant to the fields of sep-
sis and trauma. The Mouse Genome Informatics database has
also been established as a resource to compare and mine
mouse data for primary and translational research (Eppig et al.
2017). This comprehensive data set includes genetic, genomic,
and biological data.

Advantages of Using the Murine Model
The mouse is the most common preclinical model for sepsis
and trauma, as its use has several advantages (Figure 1) (Deitch
1998; Efron et al. 2015; Fink 2014; Fink and Heard 1990; Frink
et al. 2011). Mice are widely accessible through multiple com-
mercial and private entities, with literally thousands of inbred,
outbred, and transgenic strains having been generated.
Spontaneous as well as induced mutations have given rise to
specific strains of clinically applicable mice. Similar to humans,
mice develop natural diseases with aging such as cancer, hyper-
tension, diabetes, glaucoma, and atherosclerosis. Much of the
knowledge gained about the immunological response to these
disease processes was first established in murine models, so its
impact on and value to sepsis and trauma research cannot be
overstated. Furthermore, most regulatory agencies, including
the FDA, require demonstration of successful outcomes of new
therapies in animals prior to conducting clinical trials in hu-
mans, necessitating the existence of a preclinical animal model
(Mak et al. 2014). The uniform genetic background of the inbred
mouse makes it an ideal study model, allowing for minimal bias
to be introduced into an experiment. The genetic homogeneity
of highly inbred strains may also imply a more consistent
response to acquired illness or traumatic insult. For some ex-
periments, particularly those that require a large sample size or
number of conditions (i.e., test gradient doses of a therapeutic
agent), using the mouse is desirable given its relatively low level
of maintenance and its high fecundity. This is especially rele-
vant to outcome studies in sepsis and trauma research.

Although human and mouse lineages diverged approxi-
mately 75 million years ago, a significant proportion of mouse
genes, estimated at approximately 80%, have a single identifi-
able orthologue in the human genome (Mouse Genome
Sequencing Consortium et al. 2002). Parallel research between
the mouse and human species has supported the value of the
mouse in the study of diverse human disease, as manipula-
tion of corresponding mouse genes has provided unique in-
sights into the intricacies of various human genes. These
genetically modified animals have proven to be extremely
useful in studying mechanisms of disease and have been crit-
ical in elucidating cellular and molecular processes as well as
metabolic pathways.

With the recent widespread utilization of the Cre-Lox,
TALON, and CRISPR-Cas9 gene editing tools, the creation of
highly tissue-specific inducible transgenic animals has become
routine in most laboratories. Instead of understanding the
functions and actions of individual genes at the level of the

entire animal, strains of mice can be created with tissue-
specific alterations in gene expression that may be regulated
externally. Laboratories are also pushing the limits by creating
“humanized mouse models” in which entire murine immune
cell populations are being replaced with their human homolo-
gues (Pearson et al. 2008). In many cases, the human cells being
used have undergone earlier modification by TALON or CRISPR-
Cas9 gene editing programs. To expand on this concept, some
cancer researchers are actually using human cells from specific
individuals to create murine avatars for drug development and
personalized medicine (Malaney et al. 2014). Hence, the future
of murine models for the study of human disease is virtually
unlimited. It is clear the murine model is not just of historical
importance, but remains one of the key tools by which the

Figure 1 Advantages of using murine models for preclinical experiments (A)

High fecundity. Mice reach sexual maturity at 6–8 weeks (Silver 1995) and fe-

males have approximately 8 pups per litter at birth (Pritchett-Corning et al.

2009). (B) Accelerated life cycle. Life expectancy of the average laboratory mouse

is approximately 24 months. Correlates between the lifespans of humans and

mice reveal 1 human year is equivalent to approximately 9 mice days (Dutta

and Sengupta 2016). (C) Low maintenance. The mouse has a docile tempera-

ment that lends to ease of handling. Mice are also fairly low-maintenance,

requiring minimal routine husbandry. (D) Necessity for preclinical animal mod-

el. Most regulatory agencies including the U.S. Food and Drug Administration

(FDA) require demonstration of safety and efficacy of new therapies in preclin-

ical animal models prior to conducting clinical trials. (E) Well-characterized

genome. The entire genomic sequence of the C57BL/6 strain of Mus musculus

was sequenced in the 1990s through the collaborative efforts of the Mouse

Genome Sequencing Consortium (Mouse Genome Sequencing et al. 2002). (F)

Inbred, outbred, and transgenic strains. Thousands of inbred, outbred, and

transgenic strains have been generated. Spontaneous and induced mutations

have given rise to specific strains of clinically applicable mice that can be used

to study complex human disease processes like diabetes or Alzheimer’s disease

and rare genetic disorders such as amyotrophic lateral sclerosis or myotonia

(Julien et al. 1998; Lithner et al. 2011). (G) Widespread availability of mice and

reagents. Frequently, the availability of immunological reagents for mice ex-

ceeds that for humans. (H) Evolving “humanized mice.” Researchers are

engrafting human CD34+ hematopoietic cord blood stem cells into gamma-

irradiated neonatal NSG mice to create “humanized” mouse models to study

human disease (Pearson et al. 2008). During this process, the engrafted stem

cells undergo negative selection during differentiation into T and B cells in

mice, ultimately leading to a complement of mature human T and B cells that

are tolerant of the mouse host.
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underlying pathophysiology of disease can be studied with the
potential of developing life-saving therapies.

The Ethical and Humane Use of Mice in
Models of Trauma and Sepsis
The Office of Laboratory Animal Welfare, NIH, requires the
humane use of living animals in research for all federally funded
activities. The American Association for the Accreditation of
Laboratory Animal Care inspects and reviews animal research
programs nationwide, and more recently throughout the world.
Both organizations rely on the Guide for the Care and Use of
Laboratory Animals, 10th Edition, published by the National Research
Council of the National Academies of Science. Although mice are
not a USDA-covered species, severe sepsis and trauma research
would be categorized USDA Category E, which identifies animals
that have pain or distress that is not adequately relieved with an-
esthetics, analgesics, and/or tranquilizer drugs or other methods
for relieving pain or distress. Furthermore, many of these studies
frequently use mortality as an outcome, and it is not uncommon
to see investigators allowing animals to die spontaneously.

Historically, investigators have refrained from using analge-
sics in these models, the primary explanation being that they
may alter the host response to sepsis or trauma. As an example,
nonsteroidal anti-inflammatory agents are frequently contrain-
dicated due to their known immunomodulatory effects, but al-
ternatives do exist. Other justifications include the inability to
compare current results treated with analgesics with historical
controls, and the cost and complexity of using these agents. In
addition, allowing animals to die spontaneously was supported
by the very rare occurrence of a moribund animal achieving full
recovery. Since investigators now have a better understanding
of what the animal experiences, practice standards have chan-
ged. Most ethics committees follow the Guide and require that
the decision to withhold analgesia must be supported by experi-
mental evidence. In 2016, it is no longer acceptable to deny anal-
gesic support to an injured or septic animal without direct
experimental evidence that providing analgesic support would
invalidate the experimental results.

Several years ago, investigators transitioned to a routine anal-
gesic protocol where subcutaneous lidocaine is provided for relief
of incisional pain, and buprenorphine (a synthetic opioid) or
another adequate analgesic for prolonged systemic pain relief.
Such a routine does not significantly impact outcome or the mag-
nitude of the inflammatory response (Cotroneo et al. 2012). In
addition, appropriate euthanasia can be considered as a means
to prevent unnecessary pain and distress. Since inception of the
protocol, animals are no longer allowed to die spontaneously.
Using a predetermined set of physiological criteria, animals are
euthanized after reaching a level of morbidity associated with
irreversible death. At the present time, there is a large push for
investigators using murine models of trauma and sepsis to be re-
quired to demonstrate that their procedures and study designs
are humane and minimize pain and distress. This can be readily
achieved with only modest effect on the scientific outcomes.

Mouse Models for Trauma and Hemorrhagic
Shock
Experimental murine models to simulate traumatic injury
emerged decades ago and have significantly evolved over time.
One of the first trauma models was developed by researchers
Noble and Collip in 1942. They developed a circular metal drum
that was used to induce blunt trauma in mice. As described in

their paper, a mouse that did not receive anesthesia was placed
in the metal drum and subsequently tumbled repeatedly. This
ultimately led to intra-abdominal organ injury, muscle and soft
tissue damage, traumatic brain injury, and often death (Noble
and Collip 1942). This rudimentary model has since been re-
placed by more controlled, reproducible models. Several of
these models focus on isolated organ or tissue injury such as
traumatic brain injury, thoracic trauma with resulting blunt
lung injury, intra-abdominal organ injury, long bone fractures
with and without soft tissue injury, or hemorrhagic shock
(Frink et al. 2011). Models simulating blunt trauma often
employ either a pendulum or weight dropped from a predeter-
mined height or a pneumatic device that can deliver an impact
with a predictable force in an effort to optimize the reproduci-
bility of the injury. In a similar fashion, murine trauma models
of hemorrhagic shock are performed in either a pressure-
controlled or volume-controlled setting to standardize the
blood loss. Each of these models has been extensively used to
better understand the immunological effects of trauma and the
process of wound healing (Table 1).

Examining isolated, single-compartment organ injury may
be of benefit; however, this does not accurately replicate human
trauma, which often involves multiple organ systems in the
presence of hemorrhagic shock. In an effort to better mimic
multisystem trauma with hemorrhagic shock in humans, we
devised a murine trauma model that is multi-compartmental
and produces injury equivalent to an Injury Severity Score of
>15 in humans, which reflects severe injury with increased sus-
ceptibility to post-injury infection (Gentile et al. 2013). The mod-
el combines pressure-controlled hemorrhagic shock, long bone
fracture, soft-tissue injury, and laparotomy with cecectomy. By
augmenting the severity of trauma and incorporating multiple
organ systems, the resulting inflammatory changes may more
closely resemble those of a human in response to trauma. Based
on this rationale, we hypothesized the new polytrauma model
would outperform existing murine models in reproducing the
systemic inflammatory response observed in humans. The
model was compared with two frequently used murine trauma
models, including the trauma-hemorrhage model and hemor-
rhage plus femur fracture model, neither of which include lapar-
otomy with cecectomy to simulate intra-abdominal trauma
requiring surgical intervention. Analysis of plasma cytokine and
chemokine concentrations revealed the inflammatory response
was more robust in the proposed polytrauma model when com-
pared to the traditional trauma models (Gentile et al. 2013).
Polytrauma not only led to a greater systemic inflammatory
response but also caused sustained leukocytosis with neutro-
philia, expansion of myeloid-derived suppressor cells, a reduc-
tion in major histocompatibility complex class II expression on
CD14+ monocytes, and early lymphocyte activation, as observed
in human studies (Gentile et al. 2013). Genome-wide expression
was performed using the RNA from circulating mouse leuko-
cytes of the various models, which demonstrated a greater mag-
nitude of the fold changes in gene expression in the polytrauma
model, further supporting its ability to produce a greater inflam-
matory response. The polytrauma model has also been shown
to lead to transcriptomic changes that are similar to the changes
that occur in septic mice, with activation of genes involved in
pathogen-associated and damage-associated molecular pattern
signaling (Mira et al. 2016).

While this new model more accurately depicted the early
plasma inflammatory cytokine and chemokine responses as
well as the phenotypic leukocyte changes expected to be seen in
human trauma, the transcriptomic changes were disappointing
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when compared to humans. Using data from the Glue Grant, the
total blood leukocyte genome-wide expression from 167 trauma
patients was compared to the genomic expression of blood leu-
kocytes in a murine model of trauma and burn injury (Seok et al.
2013). Genomic analysis revealed mouse injury poorly reflected
human trauma with <10% of the variation in human gene
expression after trauma being predicted by changes in the
mouse genome (Gentile et al. 2014a). Interestingly, increasing
the severity of trauma in mice only modestly improved the cor-
relation with humans, while altering the age of the mice ap-
peared to have no effect (Gentile et al. 2014a). However, it would
be an oversimplification to conclude that the murine and human
responses were completely different. Instead of focusing on the
entire transcriptome, there were numerous individual signaling
pathways involved in early inflammation and innate/adaptive
immunity where gene expression appeared to be strongly corre-
lated between mice and humans (Takao and Miyakawa 2015).

Current Mouse Models for Sepsis and Septic
Shock
Several experimental models of sepsis have been developed in
mice, each of which have their limitations. These models can
be classified into three broad categories based on mechanism,
which include administration of an exogenous toxin, adminis-
tration of a viable pathogen, and disruption of the animal’s
endogenous protective barrier allowing for bacterial invasion

(Buras et al. 2005) (Table 2). Earlier models of sepsis often in-
volved direct administration of toxins such as lipopolysaccharide
(LPS) into the blood, peritoneum, or lung. This induces a strong
immediate inflammatory response that mimics activation of the
innate immune system in human sepsis. The advantage of using
this approach is its technical ease and reproducible response fol-
lowing injection of a quantifiable dose of toxin. However, studies
using this model demonstrate that the temporal kinetics and the
magnitude of the immunological response differ dramatically
from murine and human sepsis arising from a nidus of infection.
A bolus injection of endotoxin (LPS) produces a transient but ex-
aggerated increase in the concentration of proinflammatory cy-
tokines like tumor necrosis factor-alpha, far higher but much
briefer than in models of sepsis arising from a nidus of infection
(Copeland et al. 2005; Remick et al. 2000).

One concern about comparing results between humans and
mice when endotoxin is administered are the marked differ-
ences in sensitivity and concentrations of plasma cytokines
such as tumor necrosis factor-alpha (Figure 2). While humans
are exquisitely sensitive to the effects of LPS, mice appear to be
relatively resistant. The LD50 dose for a mouse ranges from 5 to
15mg/kg, which is approximately 1,000 times greater than the
estimated lethal dose of LPS administered to humans (Barber
et al. 1995; Mahieu et al. 2006; Mestas and Hughes 2004; Warren
et al. 2010). Besides interspecies variation in the sensitivity to
LPS, another shortcoming of the model is its inability to repro-
duce the hyperdynamic cardiovascular state observed in human

Table 1 Examples of murine trauma models

Trauma Models Examples Description

Hemorrhagic
Shock

Pressure-controlled hemorrhagic
shock

Following anesthesia, catheter is placed in femoral artery and blood is withdrawn
until BP 35 ± 5mmHg for 30–90min (Pfeifer et al. 2013)

Volume-controlled hemorrhagic
shock

Following anesthesia, catheter is placed in femoral artery and 0.025–0.05mL/g body
weight of blood is withdrawn (35–60%) (Claridge et al. 2001)

Traumatic
Brain Injury

Lateral fluid percussion (LFP) Involves craniotomy over left parietal bone followed by injury using a fluid
percussion device producing a pressure of 3.6 ± 1 atm (Carbonell et al. 1998)

Controlled cortical impact (CCI) Craniotomy performed followed by deployment of pneumatically driven impactor
measuring 3 mm at a velocity of 5–6m/sec (Smith et al. 1995)

Weight drop model Impact using gravitational forces from a 250 g metal rod striking the exposed skull
or dura matter from a 2–3 cm height (Flierl et al. 2009)

Long Bone
Fracture
Models

Open femoral fracture Femur is exposed and fractured via osteotomy or by weakening bone with several
drill holes (Cheung et al. 2003)

Closed femoral fracture Fracture of the femur usually followed by placement of an intramedullary pin,
locking nail, or intramedullary compression screw (Holstein et al. 2007;
Manigrasso and O’Connor 2004)

Tibial fracture Involves the creation of a closed fracture of the distal tibial (Holstein et al. 2009)
Pseudofracture model Bilateral muscle crush injury to the hindlimbs with injection of a bone solution

into the injured muscles (Darwiche et al. 2011)
Thoracic

Trauma
Blunt trauma via weight drop method Uses a defined weight at a predetermined height to create gravitational forces

delivering an energy of 1.8–2.7 J to the thoracic cavity (Raghavendran et al. 2005)
Blunt trauma via cortical contusion

impactor or captive bolt gun
Cortical contusion impactor strikes lateral chest with a velocity of 5.8m/s and an
energy of 152 J/m2 to cause pulmonary contusion (Hoth et al. 2007)

Blast injury by laser-induced stress
wave

Blast generator creates laser-induced stress waves with a peak pressure of 0.75 bar
at a distance of 2 cm for 3.4 ms (Satoh et al. 2010)

Ventilation with high tidal volumes Ventilate with tidal volumes of 15–45 mL/kg body weight to induce lung injury
(Kuiper et al. 2011; Wilson et al. 2003)

Polytrauma Noble and Collip’s metal drum Mouse which is not anesthetized is placed in a metal drum and tumbled
repeatedly, producing variable injury patterns (Noble and Collip 1942)

Original polytrauma model Pressure-controlled hemorrhagic shock plus laparotomy (Wang et al. 1993)
Modified polytrauma model Pressure-controlled hemorrhagic shock, laparotomy, and long bone fracture

(Tsukamoto and Pape 2009)
Modern polytrauma model Pressure-controlled hemorrhagic shock, long-bone fracture, soft tissue injury, and

laparotomy with cecectomy (Gentile et al. 2013)
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sepsis (Fink and Heard 1990; Wichterman et al. 1980). One of the
proposed reasons as to why this model may not simulate sepsis
in humans is that patients are rarely challenged with a single
large bolus of endotoxin but rather experience a slow showering
of bacteria from a septic focus (Wichterman et al. 1980). There
are some clinical conditions associated with an overwhelming
and exaggerated inflammatory response, such as toxic-shock
syndrome and meningococcal sepsis, but these are often gram-
positive infections and do not involve endotoxin per se but
rather super-antigens and peptidoglycans.

To ameliorate the limitations of a single bolus, a continuous
infusion of low-dose LPS has been utilized as a model of severe
infection (Traber et al. 1988). Although this model was able to
reproduce the hyperdynamic cardiovascular state associated

with sepsis, it was not able to reproduce important aspects of
the immune response. Moreover, its inflammatory effects were
short-lived, comparable to a bolus administration, and thus the
model has largely been abandoned (Buras et al. 2005; Fink and
Heard 1990; Fish et al. 1986). In contrast, endotoxin administra-
tion to the lungs, either by nebulization or direct instillation,
has produced a reproducible form of acute lung injury in mice,
characterized by a massive influx of neutrophils (Rittirsch et al.
2008). The criticism of this model is comparable to the systemic
administration of endotoxin; the quantities required to produce
acute lung injury are again nearly 10,000 times the dose used in
humans (O’Grady et al. 2001).

Another rodent model of toxin administration is the peri-
toneal injection of zymosan. Zymosan is a fungal cell surface

Table 2 Examples of murine models of sepsis

Types of Murine
Sepsis Models

Examples Advantages Disadvantages

Exogenous
Administration
of Toxin

Bolus injection of toll-like
receptor (TLR) agonist
such as LPS or zymosan

• Technical ease and reproducible
inflammatory response

• Favors activation of the innate immune
system

• Trimodal response to zymosan with
resulting chronic, low-grade
inflammation and organ failure (von
Asmuth et al. 1990)

• Sensitivity to toxins varies between species
(e.g., humans are more sensitive to LPS)
(Barber et al. 1995; Mahieu et al. 2006; Mestas
and Hughes 2004; Warren et al. 2010)

• Inflammatory response to toxins is often
short-lived (Copeland et al. 2005)

• Variable hemodynamic response (Fink and
Heard 1990; Wichterman et al. 1980)

Continuous IV
administration of LPS

• Reproduces hyperdynamic
cardiovascular state of sepsis (Traber
et al. 1988)

• Transient inflammatory response (Buras
et al. 2005; Fink and Heard 1990; Fish et al.
1986)

Exogenous
Administration
of a Viable
Pathogen

Inoculation of live bacteria
such as E. coli, S. aureus,
or Pseudomonas
aeruginosa

• Technical ease
• Involves a single organism which can be

selected by the operator
• Reproduces several features of septic

shock

• Often does no lead to colonization and
replication of bacteria (Buras et al. 2005)

• Immunological response may vary
depending on bacterial strain (Rubins and
Pomeroy 1997)

• Infection of different compartments can
alter host response (Buras et al. 2005)

Intraperitoneal
implantation of fibrin
clot impregnated with
viable bacteria

• Fibrin delays systemic absorption of
trapped bacteria, promoting
development of a local septic focus (Fink
and Heard 1990)

• Reduces early mortality

• Involves single bacteria strain, whereas
human intra-abdominal sepsis is often
polymicrobial

Cecal slurry (CS) • Induces polymicrobial sepsis
• Favors innate immune response (Gentile

et al. 2014b; Wynn et al. 2008)
• Preferable in neonatal mice given their

small size and the technical ease to
perform CS

• No component of tissue necrosis
• Inflammation does not persist as long as CLP

or CASP (Gentile et al. 2014b; van der Poll
2012)

Disruption of the
Endogenous
Protective
Barrier

Cecal ligation and
puncture (CLP)

• Combines tissue necrosis and
polymicrobial sepsis (Cuenca et al. 2010)
often seen in intra-abdominal sepsis in
humans

• Produces an immune, hemodynamic,
and biochemical response similar to
humans (Deitch 1998; Wichterman et al.
1980)

• Operator is able to adjust sepsis severity
• Favors adaptive immune response

(Shelley et al. 2003)

• Inter-laboratory and inter-operator
variability (Remick et al. 2000)

• Age and strain variability (De Maio et al.
2005; Nacionales et al. 2014)

Colon ascendens stent
peritonitis (CASP)

• Produces polymicrobial sepsis and
diffuse peritonitis (Buras et al. 2005)

• Causes resulting bacteremia (Maier et al.
2004; Zantl et al. 1998)

• Operator is able to alter sepsis severity

• No component of tissue necrosis
• Technically more challenging in comparison

to CLP
• Less characterized hemodynamic response

(Buras et al. 2005)
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glucan that elicits a strong inflammatory response (Rao et al.
1994; Volman et al. 2005). Unlike LPS or other toll-like receptor
(TLR) agonists, the host response to zymosan is trimodal. There
is an early proinflammatory response lasting several days that
induces some dose-dependent mortality. This is followed by a
quiescent period of chronic low-grade inflammation that pro-
gresses to a final stage characterized by organ failure and death
(von Asmuth et al. 1990). Depending on the dose employed, the
mortality in the early and late inflammatory periods can be
titrated. The model offers the advantage of a semblance of hu-
man sepsis where the sepsis event is prolonged and multi-
organ failure is both an early and late phenomenon (Volman
et al. 2005). Closer examination suggests that this is a model of
an early exaggerated inflammatory response with persistent
inflammation, ultimately leading to organ injury.

Intravenous administration of single or multiple strains of
live bacteria into murine hosts has not been found to reproduce
human sepsis, since this does not lead to colonization and repli-
cation of bacteria necessary for the production of a nidus of
infection (Buras et al. 2005). Furthermore, in many cases, the
degree of bacteremia is 6-logs greater than seen in patients with
bacteremic sepsis. Like administration of endotoxin, the early
inflammatory response to a bolus of live bacteria is massively
greater than seen in either human sepsis or murine models of
sepsis derived from a nidus of infection (Cross et al. 1993).

Since the direct administration of toxins and bacteria has pro-
duced a model that overexaggerates the early inflammatory
response, does not replicate human sepsis that arises from a ni-
dus of infection, and generally fails to produce a protracted host
inflammatory response, additional murine sepsis models have
been used. The two most common sources of sepsis in the hu-
man population are intra-abdominal infections and pneumonia,
so not surprisingly, intra-abdominal sepsis models and pneumo-
nia models have been developed and are frequently used in mice.
Presently, three commonly used intra-abdominal sepsis models
exist, including cecal ligation and puncture (CLP), cecal slurry
(CS), and colon ascendens stent peritonitis (CASP).

CLP was initially developed in the 1980s and is considered
the gold-standard model for intra-abdominal sepsis (Parker and
Watkins 2001; Wichterman et al. 1980). This model combines
tissue necrosis and polymicrobial sepsis secondary to autolo-
gous fecal spillage. The procedure is performed through a mid-
line laparotomy and involves externalization of the cecum,
ligation of the cecum, and puncture of the ligated portion
(Cuenca et al. 2010). CLP intends to mimic perforated hollow
viscus in humans with resulting fecal contamination, similar to
perforated diverticulitis or perforated appendicitis. Studies
demonstrate this method of polymicrobial sepsis produces a
resulting immune, hemodynamic, and biochemical response in
the murine host that is similar in many regards to the septic
response seen in humans (Deitch 1998; Wichterman et al.
1980). An advantage of using this model is that the operator
can modulate the quantity of fecal spillage as well as the mag-
nitude of ischemic insult by altering the needle size or the
length of cecum ligated, respectively. This, in turn, affects sep-
sis severity and resulting mortality. As one would expect,
physiological outcomes using this model can vary based on
operator technique and the presence of liquid versus solid stool
in the cecum (Remick et al. 2000). After CLP, some investigators
administer antibiotics and resuscitate the mouse with fluids;
hence the severity of the insult must be modified. One notable
limitation of this model is the tendency of the host to respond
to CLP by walling off the infected area, forming an intra-
abdominal abscess (Maier et al. 2004; Wichterman et al. 1980).
By containing the infection, some mice do not progress to sep-
tic shock and convert from an acute inflammatory response to
a chronic and persistent inflammatory state. Delano et al.
(2007) have followed these mice out to 12 weeks and reported
continued runting, elevated inflammatory cytokines, and al-
tered myelopoiesis (Delano et al.).

CS is another commonly used sepsis model. This method is
particularly useful for the induction of polymicrobial sepsis in
neonatal mice, given their small size, which is prohibitive to
performing more invasive procedures like CLP or CASP. CS in-
volves intraperitoneal injection of a measurable amount of ce-
cal contents from a donor mouse into a recipient mouse. It
shares some qualities of a bolus poly-infection model, but also
has a particulate component that permits seeding of the peri-
toneum with bacteria resulting frequently in persistent infec-
tion. This method has been shown to produce a greater earlier
inflammatory response than CLP, but the effects do not persist
as long as CLP (Gentile et al. 2014b; van der Poll 2012).
Furthermore, each of these sepsis models triggers unique gene
expression changes with CS favoring activation of signaling
pathways involved in the innate inflammatory response, while
CLP favors inhibition of the adaptive immune response (Gentile
et al. 2014b).

The CASP model involves implantation of a stent of a prede-
fined diameter into the colon ascendens of the mouse via a
midline laparotomy (Zantl et al. 1998). The newly inserted stent
remains patent, allowing persistent leakage of fecal material
containing intestinal bacteria into the peritoneal cavity, result-
ing in polymicrobial sepsis and peritonitis. In contrast to CLP,
some authors propose this method produces more of a diffuse
peritonitis, as opposed to a focal peritonitis that the host can
contain in the form of an abscess (Buras et al. 2005). It also fails
to contain a component of necrotic tissue. Several studies dem-
onstrate this model produces bacteremia, which can be observed
as soon as 12 hours after stent implantation, and elevated
circulating LPS levels, which can be observed in the serum as
early as 2 hours after stent implantation (Maier et al. 2004;
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Zantl et al. 1998). Akin to adjusting the needle gauge with CLP,
adjusting the stent diameter can affect disease severity and the
magnitude of inflammation, measured by systemic serum cyto-
kine levels. While this model is appealing, CASP is technically
more challenging to perform than CLP, which has limited its
application.

Finally, intra-abdominal sepsis has been less frequently in-
duced through implantation of a fibrin clot impregnated with
pathogen. This creates a persistent nidus of infection with pro-
gression to systemic dissemination, modeling human sepsis
(Mathiak et al. 2000). The benefit of introducing bacteria into
the fibrin clot is that the fibrin delays systemic absorption of
the entrapped bacteria, which promotes development of a local
septic focus. Furthermore, this method reduces early mortality,
and the operator is able to select for the particular strain of bac-
teria to be introduced into the murine host (Fink and Heard
1990). This limitation of this model is the use of a single organ-
ism culture, which differs from the polymicrobial infection
seen in intra-abdominal sepsis in humans.

Limitations of the Murine Model in Sepsis and
Trauma Research
While murine models of sepsis and trauma have provided re-
searchers with valuable insight, these models have significant

limitations (Table 3). It is clear no perfect model exists, despite
multiple attempts to refine existing models or create new ones.
The purpose of employing these murine models is 2-fold: first, to
emulate human disease to better understand the underlying patho-
physiology, and second, to evaluate pharmaco-therapeutic agents
and other interventions to reduce mortality and improve patient
outcomes. Billions of dollars have been spent in both the care and
research of trauma and sepsis with the hopes of developing an
intervention that will substantially impact patient care. Still, long-
term outcomes for these disease processes are dismal (Gentile et al.
2012), mortality remains unacceptably high, and the development
of successful therapeutic agents is lacking.

Not surprisingly, it has been remarkably easy for investiga-
tors to “cure” sepsis and trauma in the laboratory mouse. There
are at least 100 compounds that have proven beneficial in redu-
cing mortality in mouse models, which have subsequently
been tested in clinical trials. At the present time, however, not
a single drug developed for the treatment of sepsis or trauma
with efficacy in murine models has proven successful in clin-
ical trials (Fink 2014). Several reasons exist as to why these
murine models may not accurately reflect their human coun-
terpart, and these limitations warrant discussion. While some
of the issues with murine models may be reconciled, others
may persist due to the fundamental differences between spe-
cies and their response to sepsis and trauma.

Table 3 Limitations of murine models

Limitations of Murine Models Description

Interspecies Differences • Human genome is larger than the mouse genome by 14% (2.9 vs 2.5 Gb) (Mouse Genome
Sequencing et al. 2002)

• Genes implicated in reproduction, immunity, and olfaction vary with an estimated 300 genes
differing between species (Mouse Genome Sequencing et al. 2002)

• Differences in innate and adaptive immunity (Table 4)
Differences Between Strains • Highly inbred strains are well-characterized while outbred strains are ill-defined

• C57BL/6 mice have a TH1-predominant response while other strains like BALB/c, A/J, and DBA/2
mice exhibit a TH2-predominant response (Mills et al. 2000; Sellers et al. 2012)

Effect of the Environment • Laboratory mice housed in specific pathogen-free barrier facilities and hence have an immature
immune system similar to that of a neonate with a paucity of memory T cells (Beura et al. 2016)

Age • Young mice (6–10 weeks old) which are equivalent to teenage adults are used to represent an
often elderly human population

• Limited availability of aged mice
• Lack of correlation of the blood leukocyte transcriptomic response between species despite

adjusting for age using aged mice (Gentile et al. 2014b)
Gender • Predominant use of male mice in sepsis and trauma models

• Evidence to suggest hormonal differences may impact survival in sepsis (Kher et al. 2005; Knöferl
et al. 2002; Merkel et al. 2001; Zellweger et al. 1997)

Mouse Homogeneity • Highly inbred mice may not accurately represent the genetically diverse human population
Comorbid Disease • While comorbid disease is prevalent within the human population, it is not well represented in

mouse models
• No murine model is able to reproduce induced frailty and the chronic low-grade organ

dysfunction that occurs following sepsis and trauma
Ability to Provide Supportive Care • Limited ability to perform hemodynamic monitoring in the mouse

• Unable to administer supportive care measures to possibly correct organ failure including
mechanical ventilation, renal replacement therapy, infusion of vasopressors, surgical source
control, and delivery of enteral or parenteral nutrition (Fink 2014)

Mismatch in Disease Severity and
Temporal Response

• Murine models of trauma often involve a single organ and are not multi-compartmental, unlike
the majority of human trauma

• Sepsis develops over hours to days in humans while it progresses more rapidly in mice (Buras
et al. 2005; Deitch 1998)

Variability within Murine Models • No uniform consensus as to which models are best
• Magnitude of inflammatory response differs between various murine models of sepsis (Maier et al.

2004)
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Differences Between Species

The most obvious limitation of translational research is that
we are comparing two different species, which diverged from
one another millions of years ago. Although a comparison of
their genomes reveals sets of highly conserved regulatory pro-
grams, critical differences have been noted between several
genes implicated in reproduction, immunity, and olfaction
(Mouse Genome Sequencing Consortium et al. 2002). There are
known discrepancies in both the innate and adaptive immune
system of the mouse and human (Table 4). A few of the differ-
ences include the balance of leukocyte subsets, production of
defensins, regulation of inducible nitric oxide synthase (iNOS),
B cell and T cell signaling pathway components, Th1/Th2 differ-
entiation, costimulatory molecule expression and function, and
chemokine and chemokine receptor expression (Doeing et al.
2003; Mestas and Hughes 2004).

While the predominant circulating leukocyte in humans is the
neutrophil, accounting for 50–70% of the total circulating leuko-
cyte population in the blood, the predominant circulating leuko-
cyte in mice is the lymphocyte, comprising 75–90% of the
circulating leukocyte population (Doeing et al. 2003). Interestingly,
neutrophils in humans are an abundant source of antimicrobial
peptides called defensins, while neutrophils in mice do not
express defensins (Risso 2000). Additionally, stimulation of mouse
macrophages with LPS and interferon-gamma induces expression
of iNOS, whereas human macrophages fail to produce the same
results when stimulated with the same inflammatory mediators
(Bogdan 2001).

FcR expression and Ig isotypes also differ between species,
although these alterations may not be significant enough to
affect host response to an infectious challenge (Daeron 1997;
Mestas and Hughes 2004; Monteiro and Van De Winkel 2003).
There are also differences in antibody class switching and B
cell development related to alternate signaling molecules
(Gordon et al. 2001; Mestas and Hughes 2004). The develop-
ment, regulation, and activation of T cells varies between spe-
cies as well, with intrinsic differences observed in TCR
signaling and costimulation (Mestas and Hughes 2004). Finally,
variation within the mouse population itself is present with
certain strains of mice demonstrating a Th1 versus Th2 versus
Th17 preponderance.

Aside from differences in innate and adaptive immunity, the
species vary in genetic makeup, with an estimated 300 human-
specific genes. These are genes found in humans that have no
known murine equivalent. To compound this difference, there
is also increasing evidence that the leukocyte genome-wide
transcriptional response to sepsis and trauma is fundamentally
different between mice and humans, as noted by Seok et al. and
Gentile et al. (Gentile et al. 2014a; Seok et al. 2013).

Differences Between Strains

In addition to interspecies differences, individual strains of
mice are genetically dissimilar to one another, introducing
further complexity. While both inbred and outbred strains
are readily available, inbred strains are more commonly used
in sepsis and trauma research. Outbred strains, which are
genetically ill defined, are used in areas of research such as
toxicology and pharmacology, but are not widely used in sep-
sis and trauma research. Although well-characterized, highly
inbred strains may vary in their immunological response pat-
terns due to genetic mutations and polymorphisms affecting
both innate and adaptive immunity (De Maio et al. 2005;
Sellers et al. 2012). These mutations can affect toll-like recep-
tors, nucleotide-binding oligomerization domain (NOD)-like
receptors, and complement factors, among other receptors
and proteins (Sellers et al. 2012). Interestingly, adaptive
immunity in mice varies among different mouse strains due
to selective polarization of helper T cells. While C57BL/6 mice
demonstrate a Th1-predominant response, which favors acti-
vation of macrophages and cell-mediated immunity, other
strains such as BALB/c, A/J, and DBA/2 mice exhibit a Th2-pre-
dominant response leading to antibody production and
eosinophil activation, which has been shown to affect out-
comes in studies examining susceptibility to pathogens (Mills
et al. 2000; Sellers et al. 2012).

Effect of the Environment

Not surprisingly, the environment has a significant effect on
the immune system and microbiome of the mouse. Unlike hu-
mans, which are constantly challenged by surrounding patho-
gens, most laboratory mice used for research are housed in
specific pathogen-free (SPF) barrier facilities and as a result are
exposed to significantly fewer pathogens than a free living
animal. The immature immune system of a SPF laboratory
mouse can be equated to that of a neonate, which lacks
effector-differentiated and mucosally distributed memory T
cells (Beura et al. 2016). Studies have demonstrated that envir-
onmental changes such as cohabitation with pet store mice
can significantly alter the innate and adaptive immune system
of SPF laboratory mice. The effects of cohousing include induc-
tion of memory T cells, altered resistance to infection, T-cell
differentiation in response to de novo viral infection, and
changes in leukocyte expression patterns that more closely
resemble that of an adult human rather than a neonate (Beura
et al. 2016). Hence, the use of SPF laboratory mice may have
implications in the immunological response of the mouse,
particularly when challenged in situations such as polymicro-
bial sepsis.

Table 4 A few differences in the innate and adaptive immune systems of mice versus humans

Innate Immunity Predominant circulating leukocyte in humans is the neutrophil (50–70%) versus lymphocyte (75–90%) in the mouse
(Doeing et al. 2003)

Neutrophils in humans are an abundant source of defensins, while mouse neutrophils do not express defensins (Risso
2000)

Mouse macrophages express iNOS when stimulated with LPS and INF-γ, unlike human macrophages (Risso 2000;
Weinberg 1998)

Adaptive Immunity FcR expression and Ig isotypes differ between species (Daeron 1997; Monteiro and Van De Winkel 2003)
Differences exist in antibody class switching and B cell development related to variation between signaling molecules in

the two species (Martin and Lew 1998; Mestas and Hughes 2004)
TCR signaling and costimulation vary between species, leading to alterations in the development, regulation, and

activation of T cells (Elder et al. 2001; Farrar et al. 2000; Lenschow et al. 1996; Mestas and Hughes 2004)
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Age

In constructing a murine model, the goal is to replicate human
disease. However, too much emphasis is placed on development
of the model itself and not enough on the population to which it
is being applied. Whether animal subjects accurately reflect their
human counterparts is often not assessed. Generally, they do
not. Most sepsis and trauma models use a population of mice
that inappropriately represents the human population targeted
by these disease processes. As several epidemiological studies
have demonstrated, sepsis is largely a disease that occurs at the
extremes of age and has a tendency to affect the elderly, particu-
larly those over the age of 65 (Girard et al. 2005). Despite this fact,
most researchers use 6- to 10-week-old healthy, young mice to
carry out their studies, which are equivalent to young teenage
adults in the human population.

Some researchers have addressed this issue by applying the
various sepsis models, such as the CLP model, to aged mice.
Not surprisingly, both we and Turnbull found a higher mortal-
ity rate in the septic aged mouse population in comparison to
septic young mice (Turnbull et al. 2003). To expand on this,
Turnbull et al. (2004) examined sepsis-induced death of splenic
and gut epithelial cells in young versus aged mice. Their group
discovered increasing age results in accelerated apoptosis,
which may account for the increase mortality seen with aging
in sepsis (Turnbull et al. 2004). Some studies also report the in-
creased sensitivity of elderly mice to LPS (Chorinchath et al.
1996; Tateda et al. 1996). We reported in severe blunt trauma
that aged mice are more susceptible to a secondary pseudo-
monas pneumonia than young animals (Nacionales et al. 2015).
While using aged mice in existing trauma and sepsis models to
better mimic the human scenario seems practical, the in-
creased cost and reduced availability of aged mice may be bar-
riers to its application. Surprisingly, these dramatic differences
in outcomes of aged mice are not reflected in their blood leuko-
cyte transcriptomic response (Gentile et al. 2014a).

Gender

One significant bias in experiments is the predominant use of
male mice, since gender may affect disease outcome. In the lit-
erature, there is evidence to suggest hormonal differences
account for the improved survival of females with sepsis in both
animal and clinical models (Kher et al. 2005; Knöferl et al. 2002;
Merkel et al. 2001; Zellweger et al. 1997). With respect to trau-
matic injury, the trauma population is certainly not limited to
young healthy males. Although the morbidity and mortality re-
lated to traumatic injury may not be influenced by gender, there
is evidence of sex-related differences in the leukocyte genomic
response during severe injury with over 300 genes being differen-
tially expressed between males and females (Lopez et al. 2016).
Interestingly, none of these genes was mapped to the X or Y
chromosomes (Lopez et al. 2016). Gender disparity in research
has been addressed, as rigor and transparency in research has
been emphasized by the NIH. Recently, there has been a push to
require sex as a biologic variable with provided justification if a
single sex model is used (Collins and Tabak 2014).

Heterogeneity of the Human Population and Comorbid
Disease

While gender may account for some differences in the immuno-
logical response to sepsis and trauma, one of the greatest dis-
parities between animal models and their human counterparts

is the heterogeneity of the human population and the presence
of comorbid disease. In both the sepsis and trauma population
in humans, comorbidities are common. Comorbidities may
include diabetes, hypertension, cancer, acute or chronic kidney
disease, pulmonary insufficiency, and cardiovascular disease,
among others. Due to the aging baby boomers, the human popu-
lation has experienced a significant increase in the proportion of
elderly patients, who are fraught with comorbid disease. Obesity
is a controversial variable, since some studies have shown no
differences in mortality in the obese, while others have shown
an increased risk of secondary infections (Trivedi et al. 2015;
Winfield et al. 2010). Despite comorbidities being common in hu-
mans who suffer from trauma or sepsis, this is not accounted
for in most murine models. As one would presume, studying
sepsis or trauma in healthy young animals probably does not
accurately reflect the clinical picture in the human population.
The use of highly inbred strains of mice to perform these experi-
ments only magnifies this difference, since humans have dra-
matically greater genetic variability than common inbred
strains. This is unfortunate, as the presence of these conditions
may significantly impact a patient’s ability to respond to an
inflammatory insult or traumatic injury.

Another issue that has yet to be resolved is that, in clinical
practice, patients with multiple comorbidities who develop sep-
sis or suffer from a traumatic insult often have prolonged hos-
pital courses and develop complications resulting in poor
clinical outcomes. Complications may include acute kidney
injury or the development of multiple organ failure and chronic
critical illness. Currently, no murine model exists that dupli-
cates these long-standing effects following trauma or sepsis.
These disease states may be difficult to replicate in the animal
models but are important to study, as chronic critical illness is
becoming the predominant phenotype in the ICU.

Differences in Supportive Care

A major limitation of replicating human trauma and sepsis in
mice is our limited ability to perform hemodynamic monitoring
and to administer supportive care to correct organ failure,
although this is routinely provided to patients in the clinical
setting. Some of these supportive measures include mechanical
ventilation, renal replacement therapy, infusion of vasopres-
sors and/or inotropic agents, surgical source control, adminis-
tration of antibiotics, resuscitation with intravascular fluids,
and delivery of enteral or parenteral nutrition. While some of
these interventions are possible in the mouse, including
administration of crystalloid fluids and antibiotics, the more
complex interventions are generally not available and are cer-
tainly not ideal to perform, given the mouse’s small size (Fink
2014). It should also be noted that the small size of the mouse
may impose technical challenges while performing certain
operative techniques, limiting its use. This is especially import-
ant in the highly lethal murine models where the cause of
death is frequently hypovolemic shock, cardiovascular collapse,
and pulmonary failure. This is occurring much less frequently
in humans due to earlier sepsis recognition, better accident
scene recovery, and the use of standardized protocols to
adequately resuscitate these patients and provide cardiovascu-
lar and pulmonary support.

Another critique of murine models involving hemorrhagic
shock is the use of heparin to maintain the patency of the cath-
eter used in the model. In human trauma, patients are not hepar-
inized at the time of injury. Not surprisingly, the introduction of
heparin prior to hemorrhage was proposed to have confounding
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effects on the results obtained from mouse studies using heparin.
This was confirmed by Rana et al., who demonstrated improved
microvascular patency in the liver, spleen, and kidney of rodents
pretreated with heparin (Deitch 1998; Rana et al. 1992).

Mismatch in Temporal Response

An additional consideration is the difference in temporal
response patterns evident in some of the animal models of sep-
sis and trauma. In humans, sepsis generally develops over
hours to days while it is induced within minutes in mice.
Furthermore, the progression of sepsis and trauma to multi-
organ failure is delayed in humans due to immediate interven-
tional support. Multiple organ failure is often observed over the
span of days to weeks, while the progression in mice is rela-
tively rapid, occurring within hours to days. Another example
of the variation in temporal response is supported by a study
conducted by Seok et al. (2013). This group evaluated the gene
expression profile for murine trauma or burns and found that
the time to recovery, that is, time to restore normal gene
expression levels, required days in mice in comparison to hu-
mans, which required months, in some cases in excess of a
year (Seok et al. 2013).

Abundance of Murine Models with Varying
Immunological Effects

Although strain differences may play a role in the resulting
immunological effects, another confounding factor is variation
among sepsis and trauma models. Several murine models for
both trauma and sepsis exist, and there does not appear to be a
uniform consensus on which model is best in replicating the
human condition. In addition to the lack of agreement on the
ideal model, similar murine models have been shown to pro-
duce markedly different host responses, both from an immuno-
logical standpoint and in terms of lethality. For example,
comparison of the CLP and CASP models of intra-abdominal
sepsis reveals the CASP model produces greater elevations in
inflammatory cytokines and bacterial counts in the blood of
the host mouse when compared to CLP (Maier et al. 2004). The
abundance of available murine models for sepsis and trauma
with varying host responses only creates further confusion for
researchers.

Should We Negate the Murine Model
Altogether?
While eliminating murine models of sepsis and trauma may seem
rational due to several inherent flaws, this will likely not be pos-
sible. Some researchers have attempted to use larger animals,
which may be more phenotypically similar to humans to study
sepsis and trauma. Animals that have been studied include the
rat, rabbit, sheep, pig, and nonhuman primates. Even though these
animals have physiologic responses which more closely resemble
that of humans, none of these animal models have proven to be
successful in clinical application for the development of biological
response modifiers. However, pigs, sheep, and nonhuman pri-
mates have been frequently helpful in the design of interventions
aimed at physical support mechanisms to trauma, hemorrhagic
shock, burns, and inhalation injury (Marshall et al. 2005).

Another reason murine models will remain the foundation
for studying sepsis and trauma is out of ethical necessity. As
outlined by the Nuremberg Code and Belmont Report, studies
must first be performed in animals prior to using human

subjects for clinical research. Furthermore, regulatory agencies
such as the FDA mandate preclinical animal study data and
toxicity data prior to initiation of clinical trials. Thus, animal
models are necessary, and the mouse is arguably the easiest to
work with. The mouse remains the model of choice for many
chronic infections, autoimmunity, and rare genetic diseases.

Bridging the Gap
As scientists attempt to bridge the gap between the two species,
we must first recognize and accept the limitations of our current
murine models in sepsis and trauma. It is also important to
understand that sepsis and trauma are complex polygenic dis-
ease processes, which are not uniform in their distribution or
magnitude of insult. Furthermore, the immunological response
involves a “genomic storm” with the complex interplay of liter-
ally thousands of genes (Tsalik et al. 2014), which further com-
plicates their ability to be studied. Due to the heterogeneity of
these disease processes, using a reductionist approach may not
be appropriate, and the idea of creating a “magic bullet” is most
likely unachievable. Rather than focusing on a single target, the
sepsis and trauma fields are shifting their focus towards under-
standing complex pathways in disease processes. Integration of
these pathways may lend to identification of common targets
that can affect several downstream signaling events. There is
also a growing interest in the study of stem cells and progenitor
cells involved in “emergency myelopoiesis” in sepsis and trau-
ma, as early alterations in these cells may promote the develop-
ment of dysfunctional cells that are pathologically activated,
leading to T-cell immune suppression (Gabrilovich and Nagaraj
2009; Manz and Boettcher 2014).

Since using animal models that are genetically more similar to
humans such as nonhuman primates is often not possible due to
ethical concerns and availability of reagents, efforts should be
made to further refine the existing murine models. One way mice
may be better “adapted” to humans is through the development
of “humanized” mice, which has been performed by Unsinger
and colleagues (Unsinger et al. 2009). This involves adoptive
transfer of human CD34+ hematopoietic cord blood stem cells
into gamma-irradiated neonatal NOD-scid2rɤnull (NSG) mice. The
term “humanized” is actually a misnomer, since these mice are
generally chimeras of murine and human protective immunity.
The use of an NSG mouse almost undoubtedly assures an
absence of functional T and B cells, whereas the irradiation proto-
cols rarely eliminate myeloid populations completely. As a result,
the mice acquire a functional chimeric mouse-human innate and
adaptive immune system. Induction of sepsis through CLP can
then be performed, resulting in marked elevations in human and
murine pro- and anti-inflammatory cytokines and increases in
human T and B cell apoptosis (Unsinger et al. 2009). While the
development of the “humanized” mouse is attractive, the process
of generating these mice is costly, time-consuming, and rather
challenging, which may limit the availability of these mice and
their overall use. Furthermore, it remains unclear whether this
model will adequately emulate sepsis in humans and prove use-
ful in preclinical trials for drug development.

In addition to modifying existing murine models, investiga-
tors from different laboratories should collaborate to standard-
ize murine models across laboratories. This reduction in
methodological variability will allow for pragmatic comparison
of data. Investigators will need to take into consideration
whether the existing protocols should be further refined to
more closely resemble the care that human patients receive.
For example, in regards to sepsis management, patients are
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often administered intravenous antibiotics and intravenous
fluids; however, in several mouse models these therapies are
lacking. Thus, discrepancies in postsepsis and posttrauma care
will need to be addressed.

The future of murine models will also rely on advances in
technology that further allow researchers to manipulate the
mouse genome. With the advent of CRISPR/Cas9 gene editing
tools, our ability to modify the murine genome has significantly
expanded. Discovery of additional editing systems may further
promote the ease with which we can implement genetic modi-
fications to more closely resemble humans.

Conclusions
Although murine models are less than ideal in recapitulating
complex human disease processes such as sepsis and trauma,
it appears the mouse is here to stay. Most likely, experiments
using mouse models will remain a vital pathway for the devel-
opment of new therapies. However, in the future it will be
important to identify factors that may increase the clinical rele-
vancy of the model. This may include altering the mechanisms
producing sepsis or traumatic injury in existing models, more
appropriate selection of animal subjects and human targets,
and the development of novel murine models that have been
populated with human cells and tissues. The research commu-
nity will ultimately have to accept that while the mouse may
not be the optimal animal model for sepsis and trauma
research, at this time it is arguably the animal with the most
potential. The key to adapt will be to continue to learn and
appreciate its strengths and weaknesses and to be cautious in
the interpretation of its results.
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