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Overview

The Influence of Pain and Analgesia in Rodent
Models of Sepsis

Kelsey C Carpenter, John M Hakenjos, Christopher D Fry, and Jean A Nemzek’

Sepsis is a multifaceted host response to infection that dramatically affects patient outcomes and the cost of health care.
Animal models are necessary to replicate the complexity and heterogeneity of clinical sepsis. However, these models entail a
high risk of pain and distress due to tissue trauma, inflammation, endotoxin-mediated hyperalgesia, and other mechanisms.
Several recent studies and initiatives address the need to improve the welfare of animals through analgesics and standardize
the models used in preclinical sepsis research. Ultimately, the goal is to provide high-fidelity, humane animal models that
better replicate the clinical course of sepsis, to provide more effective translation and advance therapeutic discovery. The
purpose of this review is to discuss the current understanding of the roles of pain and analgesia in rodent models of sepsis.
The current definitions of sepsis along with an overview of pain in human sepsis are described. Finally, welfare concerns
associated with animal models of sepsis and the most recent considerations for relief of pain and distress are reviewed.

Abbreviations: CASP, colon ascendens stent peritonitis; CLP, cecal ligation and puncture; SOFA, sequential organ failure assessment
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Sepsis is a complex host response to infection that has dev-
astating consequences for many intensive-care patients. In the
United States alone, sepsis affects an estimated 1.7 million hos-
pitalized patients.®* The clinical characteristics of sepsis have
been identified in 1 of every 3 hospital deaths, and sepsis results
in 270,000 deaths annually.* Septicemia ranks as the most ex-
pensive condition treated in hospitals, at an annual cost of ap-
proximately $23.7 billion.” In addition to its effects on mortality
and the initial cost of hospitalization, sepsis is associated with
high rates of rehospitalization and long-term consequences,
including immunosuppression, recurrent infections, acute re-
nal failure, cardiovascular events, cognitive impairment, and
chronic pain.”? Considering the significant effect of sepsis on
health care, clinically relevant, robust research regarding sepsis
is needed.

Animal models, the cornerstone of sepsis research, achieve
simultaneous recapitulation of the immunologic, cardiovas-
cular, and metabolic responses of humans to infection. Over
the past decade, considerable debate has surrounded both the
translational relevance and animal welfare concerns of rodent
models of sepsis. The fundamental concerns with translation
stem from years of research in models failing to yield defined
treatments. Apprehension was then magnified by data suggest-
ing that rodent models could not mimic human inflammation.®
Although the debate continues, the value of rodent models has
been reviewed,” and they remain the most frequently used
species in sepsis research.” With regard to animal welfare in
rodent models of sepsis, the use of analgesics has received
much attention also. Historically, investigators debated using
analgesics in animal models for reasons ranging from perceived
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species-associated differences in nociception to cost and incon-
venience of administration. The immunomodulatory effects of
analgesics and their potential to negatively alter inflammation
models, despite ethical intentions, were of greatest concern.
Recently, these and other debates surrounding animal mod-
els—coupled with an improved understanding of the sepsis
syndrome—have resulted in targeted initiatives to develop stan-
dards for preclinical studies in sepsis.Z224756191

Definition of Sepsis

Sepsis has multifaceted pathophysiology that involves nu-
merous systems (for example, immunologic, cardiovascular,
neurologic) and many pathways (for example, coagulation, met-
abolic) to produce an array of heterogeneous clinical scenarios
and outcomes. Consequently, no single marker or signature di-
agnostic test recognizes all clinical cases of sepsis. This complex-
ity underscores the need for an accurate and uniform definition
of the syndrome to aid in clinical treatment and epidemiologic
reporting. In 2016, the Third International Consensus Defini-
tions for Sepsis and Septic Shock (Sepsis-3) were published,
characterizing sepsis as “life-threatening organ dysfunction
caused by a dysregulated host response to infection.””> Under
this definition, dysfunction is gauged by changes in the 6 organ
systems summarized in the Sequential (or Sepsis-related) Organ
Failure Assessment (SOFA) Score or an abbreviated version, the
quickSOFA (qSOFA), intended for rapid screening (Figure 1).
For example, a Glasgow Coma Scale score of 3 to 15 is assigned
to reflect a patient’s level of consciousness, with higher scores
indicating better neurologic function. Septic shock is further
defined as profound circulatory, cellular, and metabolic abnor-
malities associated with a greater risk of mortality than with
sepsis alone, with serum lactate levels above a defined threshold
and medical intervention required to maintain minimal blood
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Analgesia in rodent models of sepsis

Term Prior to 2016

2016 to :|:|nru:'s:|:nl}'1

Sepsis Infection with 2 or more of;
Temperature > 38 *Cor < 36 °C
Heart rate = 90 bpm

Respiratory rate = 20 breaths per min or pCO; < 32 mmHg

Infection with 2 or more of:

Systolic blood pressure = 100 mmHg

Altered mental status (Glascow Coma Scale < 15)
Respiratory rate = 22 /min

WEC = 12,000/ mun’ or < 4000/ mum’ or > 10% bands

Severe sepais Sepsis + major organ failure

Septic shock Sepais plus:

Syatolic blood pressure < 90 mmHg or decreased

40 mmHg (or more) from baseline despite adequate

fluid resuscitation

Mot applicable

Sepsis plus:

Wasopressors required to maintain MAP = mmHg

Lactate levels = 2 mmol/L despite adequate fluid
resuscitation

Perfusion abnormality (such as: lactic acidosis, oliguria,

altered mentation)

sAmerican College of Chest Physicians, Society of Critical Care Medicine Consensus Conference (Sepsis-1).
5Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3).

Figure 1. Clinical diagnosis of sepsis and septic shock.

pressure (Figure 1).7%”° These definitions from Sepsis-3 signifi-
cantly differ from the first consensus reached in 1991 (Sepsis-1)
and reaffirmed in 2001 (Sepsis-2). In these earlier statements,
sepsis was defined as “the systemic inflammatory response to
infection,” which was further refined as severe sepsis when
accompanied by organ failure and as septic shock when hy-
potension persisted despite appropriate fluid resuscitation.®*
Therefore, prior to 2016, inflammation was the hallmark of
sepsis, and clinical diagnosis required the presence or strong
suspicion of infection with 2 or more signs of the systemic in-
flammatory response syndrome.

The new definitions in Sepsis-3 reflect the current under-
standing of sepsis pathobiology.” Reducing the emphasis on
proinflammatory responses recognizes the concurrent role of
antiinflammatory mediators in the sepsis syndrome and the fact
that the systemic inflammatory response syndrome occurs in
nonseptic conditions, such as cancer and autoimmune disease.
In addition, the new classifications recognize that many other
systems contribute to the development of sepsis. This evolution
in the understanding of sepsis certainly affects clinical research
efforts and may influence welfare in animal models as well. For
example, a greater emphasis on organ failure may dictate model
choice or endpoint selection, whereas a focus on mental status
could influence the use of anesthesia and analgesia.

Pain in Human Sepsis

The prevalence and severity of pain caused by sepsis in hu-
man patients are difficult to discern. Pneumonia, the foremost
cause of sepsis,® is often not described as painful; however, con-
ditions such as acute abdomen and joint infection are notably
painful. The differences may be inherent to the cause and loca-
tion of the septic focus or may be due to several factors con-
founding the detection of pain in sepsis. For example, sepsis
often is a secondary complication of other disease processes or
medical procedures.> Therefore, the painful stimulus associated
with sepsis may actually be due to comorbidities (for example,
diabetic neuropathy, urinary obstruction, traumatic injury) or
the result of therapeutic interventions (for example surgery, pro-
longed immobilization). Furthermore, several pathophysiologic
sequelae of sepsis may, in fact, reduce pain perception or under-
mine pain diagnosis and scoring.? Dementia and encephalopa-
thy are common in sepsis.®® These conditions impair cognitive

awareness of stimuli and may inhibit the ability of a patient to
report the presence of pain.* Likewise, muscle weakness is a
prominent feature of sepsis that may limit physical responses
used to diagnose pain, and the presence of perivascular edema
often interferes with nerve conduction tests.** Frequently used
interventions, such as sedation and artificial ventilation,® may
further confuse the recognition of pain in sepsis.

Despite these confounding factors, the Centers for Disease
Control and Prevention lists “extreme pain or discomfort” as a
potential sign of sepsis.”* The most likely source of this pain is
inflammation resulting from tissue damage, swelling, vascular
leakage, and the release of multiple mediators. Inflammatory
pain is a component of many conditions and is worthy of a de-
tailed discussion that may be found elsewhere in this issue. Of
specific note, systemic inflammation has been linked to general-
ized hyperalgesia. Studies in human volunteers revealed that
intravenous administration of endotoxin lowered pain thresh-
olds to peripheral pressure, cold, and electrical stimuli'® and to
visceral stimuli.” This effect is believed to be mediated directly
or indirectly by proinflammatory cytokines, such as IL1f, that
act at peripheral or central sites in the nervous system.™

In addition, neuropathic pain may be a consequence of in-
flammation or microcirculatory failure in sepsis. An estimated
70% of patients with sepsis develop critical illness polyneuropa-
thy as a result of axonal degeneration in both motor and sensory
neurons.* The immediate clinical manifestation of critical ill-
ness polyneuropathy is extreme muscle weakness that becomes
apparent during attempts to wean patients off artificial venti-
lation. However, functional impairment of small nerve fibers
occurs early in the course of sepsis,* and substantial nerve loss
is evident in skin biopsies from patients with sepsis.? As a con-
sequence, patients may experience loss of sensitivity to pain,
temperature, and vibration in the distal limbs. Paradoxically, pa-
tients may have pain due to the aberrant firing of degenerative
nerves. The neuropathic signs may last for months and critical
illness polyneuropathy may contribute to the development of
chronic pain sequelae.*?

Chronic pain is a frequently reported consequence of criti-
cal care illnesses, with 31% to 70% of previously septic pa-
tients reporting pain 6 mo to a year after discharge from an
intensive care unit.>® Although the pathophysiology is incom-
pletely understood, sensitization is associated with preexisting
pain conditions, prolonged immobilization, and exposure to
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proinflammatory mediators.> Severe sepsis and increasing age
have been described as significant risk factors for chronic pain
after intensive care hospitalization,’ although some studies sug-
gest that chronic pain occurs at the same rate in patients with
and without sepsis.>”

Analgesia in Human Patients with Sepsis

Current recommendations. Specific recommendations for the
type and dosage of analgesics to be used in septic humans are
lacking in the literature. Guidelines outlined in the Surviving
Sepsis Campaign focus primarily on the management of as-
sisted ventilation.®® The recommendations state that the use of
sedation for intermittent or continuous ventilation should be
limited, with the rationale that this practice is known to reduce
length of stay in ICU and improve outcomes.*® One strategy
to achieve this goal is to avoid sedative-only drugs and to use
opioids solely.”” Guidelines developed by a task force from the
American College of Critical Care Medicine regarding the treat-
ment of pain, agitation, and delirium in intensive-care patients
suggest frequent monitoring for pain and the use of pain scoring
tools.* The guidelines recommend opioids as the first choice for
nonneuropathic pain, with further consideration to reduce the
amount needed by adding NSAID. The addition of gabapentin
or carbamazepine to opioids was recommended when neuro-
pathic pain is suspected.*

These recommendations have interesting implications for
animal models of sepsis. The recommendations suggest pain
is a prominent concern regarding patients with sepsis, warrant-
ing routine monitoring. Guidelines frequently dictate the use of
some form of analgesia, particularly opioids, in intensive care
patients.

Effects of analgesia. The intricate association of pain and in-
flammation might suggest that analgesia in patients with sep-
sis could be a ‘double-edged sword,” having both positive and
negative consequences. Without a doubt, the relief of pain has
considerable ethical and physiologic benefit to the host. How-
ever, if analgesics alter immune function, in the face of sepsis,
this could affect outcomes. Previous definitions of sepsis sug-
gest that poor outcome is associated with overwhelming inflam-
mation, thus implying that reducing inflammation would have
positive effects. More recent theories suggest poor outcomes in
sepsis are related to immunosuppression, implying that damp-
ening the inflammatory response could have negative effects.

The use of NSAID in patients with sepsis has received much
attention and yields variable results. A multicenter study of
both acute and chronic use of NSAID in hospitalized patients
with emerging bacterial infection found that the risk of sepsis
or septic shock was unaffected by NSAID administration. For
patients who did develop sepsis, NSAID were associated with
a delay from the first sign of infection to the administration of
effective antibiotics.** In another study, the administration of
either low-dose aspirin or other NSAID to patients with sepsis
was associated with a 10% decrease in mortality. However, the
coadministration of aspirin and other NSAID had no benefit,
which was attributed to increased risk of bleeding or antiin-
flammatory effects.” The lack of dramatic beneficial effects from
NSAID may be due to dose timing and the need to identify the
current immune status of patients prior to administration. This
type of individualized approach to treatment is an ongoing in-
terest in sepsis research that undoubtedly will need to be tested
in animal models.

As mentioned earlier, intravenous opioids are recommended
frequently for intensive-care patients, including those with sep-
sis, for pain relief and nonsedated assisted ventilation. The use
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of these drugs must be carefully considered and monitored in
critically ill patients due to their known effects on cardiovascu-
lar and respiratory function.* In addition, the potential immuno-
suppressive effects of this class of analgesic must be considered.
These effects have been reviewed and include inhibition of anti-
body responses, natural killer cell activity, cytokine expression,
chemotaxis, and phagocytic activity.*"5! Of note, endogenous
morphine levels are elevated in patients with sepsis, and low
concentrations of morphine inhibited the in vitro release of the
chemotaxin IL8 from neutrophils, suggesting that opioids natu-
rally contribute to the pathophysiology of sepsis.” With regard
to pain relief, the effect of opioid administration in sepsis is dif-
ficult to discern due to the aforementioned comorbidities and
confounding of pain scoring in critically ill patients. However,
one study of 28-d mortality suggested that in-hospital use of
opioids has a negative effect on patients with sepsis.” When
adjusted for confounding factors—such as comorbidities, sep-
sis severity, and infection type—opioid-treated patients had a
higher mortality rate (10.35%) than nonopioid-treated patients
(2.40%).* In addition, opioid-treated patients had a higher in-
cidence of positive blood cultures, suggesting that mortality
was associated with decreased bacterial clearance rather than
hemodynamic effects of the opioids.” Given that doses, opioid
use history, and other factors may have varied between groups
in the previous study,” further study is needed to discern the
full effect of the use of opioids in patients with sepsis.

Rodent Models of Sepsis

In a review of top-cited manuscripts on sepsis models from
2003 through 2013, rodent models were used in 94% of the stud-
ies, with mouse models predominant at 79% of the total.”* Mice
offer several benefits to research, including high fertility, ease of
maintenance, the availability of species-specific reagents, and
prevalence of genetic modifications.”?** However, therapeutics
deemed efficacious in mouse sepsis models have consistently
failed in human clinical trials. This finding suggests that mouse
models do not replicate all of the biologic and clinical features
of human sepsis, either because of inherent differences between
species or the vast differences in supportive care given to hu-
mans patients with sepsis as compared with mice.” In particu-
lar, comparisons of the genomic responses between humans and
mice suggested that responses to inflammatory stimuli are very
different and thus sparked controversy.® Additional analyses
have suggested that mouse models adequately mimic the in-
flammatory responses of humans.” Ultimately, mouse models
appear to have a prominent place in sepsis research, particularly
when applied to unraveling basic science paradigms.” Large
animal models may be more appropriate for final testing of
therapeutics,” and the use of multiple animal models has been
encouraged.”

To improve the effectiveness of sepsis models and sepsis re-
search as a whole, there have been several recent recommenda-
tions. Experts in the field have suggested strict standardization
of specific sepsis models to allow better reproducibility® and the
need to ‘reverse translate,” that is, confirm that the model rep-
licates the actual mechanism of the human condition, prior to
extensive use of the model.”2 Recently, the 2017 Wiggers Bernard
Conference convened 31 experts in the field of sepsis from 12
countries to develop guidelines for the minimal quality thresh-
old of sepsis models to improve preclinical sepsis research.
These guidelines offer recommendations for optimizing study
design and host characteristics as well as guidelines to improve
clinical relevance, including standards for fluid resuscitation
and antibiotic administration.”# In addition, the guidelines
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described recommendations for the use of humane endpoints
and, particularly relevant to the current review, the use of an-
algesics.”

Pain in Rodent Models

Although the treatment of pain may be considered an ethical
imperative, pain medications are rarely reported in preclinical
sepsis studies.®® In a review of 360 highly cited rodent sepsis
studies from 2003 through 2012, 8% described analgesics pro-
vided, 87% did not report analgesia, and 5% did not provide
analgesia.” Another report from 2014 indicated that 15% of the
analyzed publications reported analgesic use in experimental
sepsis.’ Considering the guiding principle that procedures caus-
ing pain in humans should be considered painful in animals
without direct proof of the contrary,* it appears that a model
that accurately mimics the human condition would have a high
probability to cause pain and distress.

The critical illness neuropathy described in humans appears
very early in rodent models of sepsis. Within 24 h of cecal li-
gation and puncture (CLP), a model of sepsis, rats display de-
creased sciatic nerve excitability due to inactivation of sodium
channels.?* The electrophysiologic changes occur before no-
table histologic findings and are associated with higher thresh-
olds for paw withdrawal in response to von Frey filaments.?
Simultaneously, there is an increase in vagal nerve excitability,
which is known to modulate the immune system and have anti-
inflammatory effects in sepsis.* *>® These findings suggest that
pain perception is actually reduced in the early phases after CLP
in rats. However, humans with critical illness neuropathy may
exhibit acute pain and then develop chronic pain as a result of
neuronal degeneration and sensitization.* This finding has not
been studied in animal models of sepsis and should be consid-
ered as researchers begin to explore the long-term sequelae of
sepsis, requiring chronic animal models.

In addition, rodents are susceptible to endotoxin-induced
hyperalgesia. Local injection of endotoxin into the hindpaw of
both rats and mice has been used as a model of mechanical and
thermal hyperalgesia for decades. The response is mediated
through toll-like receptor 4/MyD88 signaling to induce IL1-
mediated release of prostaglandins, although prostaglandin-in-
dependent mechanisms may also be involved."* The relevance
of this mechanism for the induction of pain to all models of sep-
sis is unknown, because endotoxin release may not be a major
component of some models and may not always be clinically
relevant in human sepsis."

Several additional factors can lead to pain and distress in sep-
sis models. Systemic and local inflammation due to host-patho-
gen interactions will be a necessary component of all models of
sepsis and a major source of painful stimuli. In addition, sep-
sis models are often considered more clinically relevant when
combined with other insults.*” Comorbidities such as aspiration
pneumonia, trauma, and burns may be combined with sepsis
models, increasing the potential for pain. Likewise, concerns for
clinical relevance may support the need for source control and
additional painful procedures to remove the focus of infection,
as is seen in the clinical setting.”” Lilley and colleagues summa-
rize the routine technical aspects of these models that may in-
duce stress and summarize recommendations for refinement.*
Finally, many of the factors confounding the evaluation of pain
in the intensive care setting are present in rodent models also. In
particular, the behavioral signs used to evaluate pain are similar
to the signs of sepsis, and many pathologic features of sepsis
(for example, weakness, encephalopathy) may interfere with
other measurements of pain.

Analgesia in rodent models of sepsis

Surgical Models of Sepsis

Surgical models of sepsis require a laparotomy to either
manipulate the host’s natural barrier to abdominal infection
or implant infected material. Therefore, these models have tis-
sue injury associated with the surgery that is compounded by
extreme local inflammation and the potential for sensitization
caused by systemic inflammation. In addition, surgical models
may involve a second surgery to remove the focus of infection.*”
The effects of pain associated with surgery and with inflamma-
tory models are discussed elsewhere in this journal issue. There-
fore, we restrict our discussion to pain and analgesia associated
with the specific models of sepsis.

CLP. CLP has been regarded as the “gold standard’ of sepsis
models, due to its reproduction of the immunologic and he-
modynamic characteristics of human sepsis.®®# In reports of
highly cited literature on sepsis models from 2013 through 2017,
CLP was used in 64% of the studies.*” The routine procedure
has been reviewed, as have several variations in technique, sup-
portive care, and host factors that allow titration of the effects
and influence the outcome of the model.##%* In addition to
the surgical trauma and inflammatory response to bacteria, the
model creates tissue ischemia and necrosis associated with the
cecal ligation.* Within a few hours, mice demonstrate signs of
illness, including hunched posture, piloerection, lethargy, and
diarrhea.* Decreased food consumption, hypothermia, progres-
sive weight loss, and debilitation are prominent signs. Mortality
rates vary with the specific model and research goals.”* Animals
that recover from the initial insult develop an intraabdominal
abscess accompanied by chronic inflammation, splenomegaly,
and altered myelopoiesis.”

Colon ascendens stent peritonitis (CASP). In the CASP model,
a midline laparotomy is used to isolate the ascending colon and
secure a plastic stent distal to the ileocecal junction to allow fe-
cal flow into the abdomen.® The severity of the model can be
modulated by changing the diameter of the stent. A general-
ized peritonitis results with bacteremia, distant organ seeding,
and organ dysfunction.* When compared with a severe model
of CLP (18-gauge, double puncture, and 1.5-cm cecal ligation),
CASP resulted in greater inflammatory cytokine concentrations
and bacterial loads in various organs, peritoneal lavage fluid,
and blood.* Similar to those with CLP, mice with CASP display
decreased mobility, piloerection, and decreased food consump-
tion within a few hours of surgery; those with severe peritonitis
may die within 48 h.** An advantage of CASP is that it does not
result in a focus of necrotic tissue or chronic abscess that may
confound the interpretation of the inflammatory response; how-
ever, the CASP model requires more surgical skill than the CLP
model and therefore has not been used as extensively as CLP.”®

Implantation of infected material. Implantation models have
been used infrequently and involve the insertion of infected ma-
terial, often a fibrin clot, into the abdominal cavity. The model
in rats achieves a sepsis syndrome similar to that seen with the
other surgical models.'® The implantation model differs from
the other surgical models in that, rather than the induction of
polymicrobial infection, a single organism is used, which has
been described as a drawback for modeling abdominal sepsis.
However, a defined and titratable inoculum might be an advan-
tage in some cases.

Current recommendations. The current recommendation for
preclinical models from the 2017 Wiggers Bernard Conference is
that “analgesics recommended for surgical sepsis should be con-
sistent with ethical considerations.””! The guidelines recognize
pain as a source of experimental variability and advocate stan-
dard use and reporting of analgesics in surgical models of sepsis.
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Although NSAID are tested in animal models as treatments
for sepsis, their routine use for pain relief in animal models
would be problematic due to their obvious effects on inflam-
mation. However, some opioids and locally instilled lidocaine
have been used in sepsis models.”*** Buprenorphine, the most
commonly used analgesic in rodent models, has been exam-
ined in sepsis induced by CLP in 3 strains of mice.”** How-
ever, the actual efficacy of the drug in those studies could not
be discerned according to the behavioral parameters selected.
This difficulty may have been a function of the stage of illness
due to sepsis and confounding of pain detection, as is seen in
humans. In comparison, when compared with buprenorphine
HCl, sustained-release buprenorphine was associated with de-
creased pain behaviors at 12 and 24 h after surgery in a murine
CLP model,* suggesting that continuous dosing may be more
beneficial. Tramadol and fentanyl both have demonstrated effi-
cient minimization of pain detected by tail flick assay within 24
h of CLP in rats.® In fact, tramadol and fentanyl demonstrated
efficacy at doses found to be subeffective in sham-operated ani-
mals.® In addition, local lidocaine or bupivacaine has been used
at the incision site in surgical models of sepsis either alone or in
conjunction with systemic analgesics.”#* Studies evaluating an-
algesic efficacy in sepsis have used variable drugs, dosages, and
durations of administration (Figure 2). Generally, 2 d of routine
analgesia followed by as needed administration are required for
rodent laparotomy at this institution. However, further research
is needed to determine how long analgesics should be adminis-
tered to address the entire septic episode.

Nonsurgical Models

Compared with surgical options, nonsurgical models raise
fewer concerns with animal welfare but can still potentiate pain-
ful side effects. Nonsurgical models typically generate systemic
inflammatory responses through intraperitoneal or intravenous
injections of bacteria or fecal slurries. Overall, few studies spe-
cifically examine the level of pain or the use of analgesics in
these models.

Endotoxemia models. In a review of rodent sepsis models, en-
dotoxin administration was used in 23% of the studies, second
only to CLP.¥ Historically, endotoxin has been used to provide a
low-cost, reproducible method to study systemic inflammation
and a shock-like state, with some similarity to sepsis. However,
bolus LPS essentially represents an intoxication model rather
than true sepsis. Endotoxemia leads to high levels of plasma
inflammatory cytokines that peak earlier and resolve faster than
in other sepsis models.®** In addition, distinct differences exist
in the sensitivity to endotoxin between species, with humans
being much more sensitive.**? As such, recent expert recom-
mendations state endotoxin injection, although useful for stud-
ies of acute inflammation, should not be considered as a model
of sepsis in preclinical studies.*” Instead, sepsis models should
replicate host-pathogen interactions using live bacteria.*”

Live bacteria models. Live bacteria models vary widely in
terms of the route of infection, frequency of administration,
bacteria strain, and size of inoculum. These factors combine
with animal characteristics to determine model severity. Recent
recommendations for sepsis models suggest that the bacteria
inoculum should be representative of the virulence factors and
patterns of antibiotic resistance found in human sepsis. There-
fore, the implication is to prefer clinical isolates over laboratory
strains.*” Escherichia coli, Staphylococcus, and Pseudomonas are
commonly chosen pathogens prevalent in human sepsis cases.
If strain and size of inoculum are standardized, the model may
be more reproducible.”® The disadvantages of this model are the
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use of a single strain of bacteria may not be representative of
abdominal sepsis, and a large bolus of bacteria may mimic the
effects of a single LPS dose due to the rapid lysis of bacteria by
complement.”® In addition, intravenous boluses may not lead to
colonization or bacteria replication.!

Cecal slurry injection models. Cecal slurry injection models
consist of intraperitoneal injection of a standardized quantity
of cecal contents from a donor to instigate bacterial peritonitis.>
The progression of disease and mortality rates may be titrated
by varying the dose of cecal slurry. Within a few hours of injec-
tion, adult mice display mild piloerection and decreased move-
ment, progressing to respiratory depression, labored breathing,
and decreased responsiveness within 12 h.”2 In comparison to an
endotoxin model, the cecal slurry injection had a similar acute
course with recovery after 72 h, although cytokine concentra-
tions were not as high as seen with endotoxin. In contrast, the
CLP model has a more protracted course with animals continu-
ing to decline beyond 72 h.%® Comparisons of leukocyte gene
expression demonstrated pronounced differences between low-
mortality versions of the CLP and cecal slurry models.” The ma-
jor advantage of the cecal slurry model is the avoidance of tissue
trauma and ischemia produced by surgical models of polymi-
crobial peritonitis. In addition, the cecal slurry model can be
used in situations where surgery is experimentally prohibited or
technically challenging, as is the case in 5- to 7-d-old mice used
in models of neonatal sepsis.****® One drawback of the model
is the need to prepare a fresh slurry prior to each experiment.
This disadvantage may be avoided by storing the slurry frozen
in 15% glycerol-PBS, yielding a uniform and viable inoculum.”

Extraabdominal models of sepsis. The abdominal cavity is the
site of infection in 60% of preclinical sepsis models.*” However,
pneumonia is the most common source of sepsis in humans. In
addition to pneumonia and intraabdominal infections, urinary
tract and soft tissue infections are the top 4 causes of sepsis.>**
According to these data, experts in the field suggest strong
consideration be given to the use of multiple clinically relevant
models, including those with an extraabdominal focus of infec-
tion. These models would closely mimic the clinical scenario
and promote a better understanding of the systemic patho-
physiology involved in sepsis.”” Overall, the extraabdominal
models tend to be less technically involved than the majority of
intraabdominal models. Pneumonia models may require brief
anesthesia for intranasal or intratracheal instillation of bacteria.
Alternatively, aerosol inhalation may be used.'**! S. pneumoniae,
K. pneumoniae, and P. aeruginosa are frequently used to mimic
the human clinical condition.*” In each case, model progression
depends on the bacterial strain and dose.®> In a mouse model
of K. pneumoniae, mice displayed decreased respiratory rate,
labored breathing, and decreased activity within 6 to 24 h of
inoculation.” Urosepsis models generally involve injecting bac-
teria into the bladder to create an ascending urinary tract infec-
tion.!*¥ Soft-tissue infection models may be created by simple
subcutaneous injection of bacteria such as S. pyogenes. Mice may
exhibit systemic signs and high mortality rates within 2 or 3
d, consistent with other sepsis models.”* Depending on the re-
search goals, extraabdominal models may be used to study lo-
cal pathology as compared with sepsis; therefore, the welfare
concerns may vary with these models.*

Current recommendations. The pain category for nonsurgical
models of sepsis is not always be clear, and few data exist on
the use of analgesics in nonsurgical models. Considerations for
analgesia in surgical animal models and human intensive care
patients often focus on the invasive procedures or comorbidities
experienced rather than the septic state. For nonsurgical models,
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Analgesia in rodent models of sepsis

Drug Dose and route Duration Sepsis model, species Fain evaluation method Reference
Buprenorphine 0.1 or 0.05 mg, kg SC Fepeated for 2 doses  CLP, mice Behavioral scoring 17
Buprenorphine 0.1 mg kg SC Repeated for 2 doses CLP, mice Behavioral scoring 39
Buprenorphine Sk LOmg kg SC Single dose CLP, mice Behevioral scoring 30
Tramadol 20 or 40 mg kg SC Repeated for 2 doses  CLF,rats Tail-flick assay 53
Fentamyl 20 or 60 pg kg SC Repeated for 2 doses  CLF, rals Tail-flick assay 53
Malbuphine 1 mg kg h IV Continuous infusion  Cecal shurry injection Facial grimace scoring 35

CLP, cecal ligation and puncture; SR, sustained release.

Figure 2. Assessment of analgesia efficacy in rodent sepsis studies.

the initial lack of an invasive procedure to create sepsis may re-
duce the perceived need for analgesia. In a study comparing the
CLP model with the cecal slurry model, buprenorphine admin-
istration was reported only for the surgical model.? Likewise,
a study using the cecal slurry model reported less than 5% of
mice received analgesia for pain immediately after the injection.
However, continuous infusion of nalbuphine reduced facial gri-
mace scores at 24 h in a cecal slurry model in rats.® Although
clinical scoring was unaffected, the facial grimace scoring sug-
gested that this nonsurgical model did cause pain in the absence
of an invasive procedure. This finding suggests that additional
studies defining the role of pain and analgesia in nonsurgical
models of sepsis are warranted. In the meantime, consistent
with guidelines for intensive care patients, recommendations
for preclinical sepsis models are to consider analgesics for non-
surgical sepsis and to apply rigorous monitoring routines aimed
at determining the need for analgesics.”

Effects of Analgesics on Models of Sepsis

Overall, analgesics are recommended for models of sepsis,
but the effects of their use must be considered. The immunosup-
pressive effects of some opioids are well documented in rodents.
Morphine is used frequently in human medicine. However,
when delivered by slow-release subcutaneous pellet to mice,
morphine is associated with overgrowth and subsequent trans-
location of gram-positive bacteria into the blood.** This side
effect has been used as a model of sepsis and has often been sug-
gested as a rationale for omitting analgesics from sepsis models.
Currently, there is evidence that less-immunosuppressive opi-
oids can be used in some surgical models. In murine CLP mod-
els, overall survival and select immune cell counts and cytokine
levels from the peritoneal cavity and blood were largely unaf-
fected by buprenorphine administration in 3 strains of female
mice.””*%* Likewise, sustained-release buprenorphine caused
no differences in survival or blood levels of MCP1 and IL6 when
compared with buprenorphine HCl in a CLP model using male
mice.*® However, buprenorphine did yield dose-dependent ad-
verse effects on overall mortality and blood neutrophil counts
at 12 h after surgery in male C57BL/6 mice,” and variation in
survival curves was noted when the stage of estrous cycle was
factored with analgesic administration in BALB/c mice.” Fen-
tanyl had little effect on survival and multiple inflammatory
markers after CLP in rats. In the same study, tramadol likewise
showed little effect on inflammatory markers;* however, high
doses of tramadol increased mortality in the rat CLP model and
had similar effects in a mouse laparotomy model.*” Both fen-
tanyl and tramadol were associated with differences in blood
pressure, and caution was suggested for sepsis studies focused
on cardiovascular effects.®® Although continuous lidocaine and
bupivacaine infusions have demonstrated antiinflammatory
effects that promoted survival in a mouse CLP model,” the use
of low, local doses of lidocaine and appropriate controls likely
will avoid a significant effect on research outcomes. These stud-
ies demonstrate that judicious use of opioids will not greatly

impact some studies of inflammation in sepsis but are not an
exhaustive test of all systems. With the expanded definition of
sepsis to include the importance of multiple systems and path-
ways, additional studies of the effects of opioids in surgical
models may be necessary. Ultimately, the choice of analgesic is
determined by research goals.

Clinical Scoring in Models of Sepsis

Scoring systems allow standardized evaluation and report-
ing of pain and distress in animal models. They can be used to
inform the need for analgesia or humane euthanasia. In sepsis
models, they have the added advantage of mimicking the meth-
ods in which sepsis is diagnosed, monitored and treated. The
most recent definition of sepsis defines clinical criteria based
on the SOFA Score and the Glasgow Coma Score for diagnosis
and monitoring the progression of sepsis in human patients.”
For preclinical studies, specific recommendations from the 2017
Wiggers Bernard Conference now suggest “development and
validation of standardized criteria to monitor the well-being of
septic animals” and “development and validation of standard-
ized criteria for euthanasia of septic animals.”*! In some rodent
studies, scoring systems used to evaluate pain had variable suc-
cess and may have been confounded when the assessment vari-
ables were similar to the signs of sepsis.'”***3¢ However, very
similar criteria were readily adapted to evaluate wellbeing and
predict endpoints. The Murine Sepsis Score consists of 7 readily
observable, clinical variables related to activity, appearance, and
respiration and predicted death in a model of fecal slurry peri-
tonitis with 100% specificity.”> Another scoring tool, the Mouse
Clinical Assessment Score for Sepsis, evaluates an extraabdomi-
nal model of pneumonia-associated sepsis. Using 8 humane
endpoints with 4 stages of severity to assess disease progres-
sion, the Mouse Clinical Assessment Score for Sepsis correlated
well with cytokine levels and other mediators.*” These scoring
systems appear readily adaptable to other models of sepsis, al-
though modification may be necessary to account for the effects
of study- and model-specific factors, including the anesthesia
and surgery needed to create some models of sepsis.”? The use
of scoring systems likely will have immediate benefits for the
welfare of animals in sepsis studies. Additional benefits of scor-
ing sepsis severity are the ability to gauge the relative severity
of different sepsis models and to compare results between labo-
ratories using similar models.

Although they are imperative for research advances, ani-
mal models of sepsis present substantial welfare concerns. The
inherent nature of an inflammatory disease process and the
technical aspects of the models (surgery, peritonitis, comorbidi-
ties, and so forth) present many potential sources of pain and
distress. Currently, experts in the field recommend refinement
of these models by the use of analgesics and scoring systems.
Studies suggest judicious and limited use of less immunosup-
pressive opioids may not dramatically affect the outcomes of
similarly conducted CLP studies, and the authors of the current
review recommend buprenorphine for CLP models of sepsis.
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However, more research is needed to assess the true efficacy of
pain management for both surgical and nonsurgical models of
sepsis, and the final selection of analgesics must consider the
goals of individual scientific studies. In addition, careful moni-
toring and clear humane end points are imperative to minimize
animal pain and distress in preclinical sepsis studies and should
be determined on a case-by-case basis. Overall, refinements
likely will enhance animal welfare in animal models of sepsis

and

allow further scientific advancements in sepsis research.
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