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Overview

To Treat or Not to Treat: The Effects of Pain on
Experimental Parameters

Norman C Peterson,” Elizabeth A Nunamaker,? and Patricia V Turner®

A common dilemma faced by all animal bioethics committees arises when exceptions are proposed to the use of analgesics
in painful procedures. The committee and researcher must weigh the possible confounding effects of including additional
drugs (analgesics) in their treatment regimen against the moral obligation to perform humane research. Often neglected in
these considerations are the potential confounding effects of unrelieved pain and consistency with pain-relieving practices in
human medicine. In this review, we summarize what is currently known regarding the molecular and physiologic effects of
pain and analgesics in common animal models used across several therapeutic areas. This work is intended to help provide
guidance and assurance that a comprehensive approach has been taken when contemplating how pain relief will be applied

in animal research protocols.

Abbreviations: CLP, cecal ligation and puncture; TBSA, total body surface area

Pain has a profound effect on animal wellbeing, and research
teams, laboratory animal veterinarians, and IJACUC expend
considerable energy and time considering how and when to
manage pain that may occur in a particular study. Despite these
efforts, a recent review of publications of animal models that
required surgical procedures revealed that analgesic use was ex-
plicitly mentioned in only 29% of papers that had descriptions
of anesthetic use.”? One of the conclusions of the review was
that potential for unalleviated pain to skew research outcomes
and to induce animal suffering may be vastly underestimated.
Similarly, peer-reviewed invasive methodology papers and vid-
eos used to train graduate students and researchers often do
not mention perioperative analgesia (see references 38 and 90
for examples), reinforcing the concept that analgesics cannot be
used in the development of specific animal models or that they
are not required. On IACUC protocols, a common justification
for withholding analgesics is a concern regarding the potential
of these compounds to confound results. These models almost
always require general anesthesia to induce various lesions, yet
minimal concern is expressed regarding the well-documented
effects of both injectable and inhalant anesthetics on neurotoxic-
ity, cytokine expression, immune status, endoplasmic reticulum
stress, and protein phosphorylation, particularly in the brain
and spinal cord.*81146476877134 Clearly, there are gaps and biases
in consideration of the pharmacologic effects of one group of
drugs compared with another on model outcomes, in knowl-
edge of how the presence of pain affects research outcomes, in
the critical assessment of whether analgesics should be withheld
for painful procedures, in which species is being used for mod-
eling, and in which analgesics may be used.
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In this review, we have summarized the reported effects of
unrelieved pain and analgesic administration in several com-
monly used animal models, including those inducing neuro-
pathic pain, immunology-related studies, and oncology models.
Based on this review, we have developed recommendations
regarding decision-making for analgesia use in animal models
in which pain may be expected to occur. We surmise that this
information will be helpful for investigators and IACUC as they
contemplate the appropriateness of withholding analgesics. In
addition, the presented information likely will spur discussions
regarding whether additional treatment groups are needed to
compare the effects of analgesia use on model outcomes.

Neuropathic Pain Mechanisms

Reluctance to use analgesics in various animal models may
stem from the fear of introducing confounding effects into the
model system being analyzed. According to the authors” cumu-
lative experience (reviewing a vast number of research protocols
and programs), this concern is often not rationalized against
the effects of uncontrolled pain when analgesics are withheld.
Although several different types of pain are recognized,'? re-
flection on studies performed in neuropathic pain models can
provide insight into how the neurologic components of pain
might alter the physiologic and immunologic responses of ani-
mals being used in research. In other words, studies that have
been performed in controlled models of pain can be used to
provide an understanding of how other types of studies might
be affected by the presence of inadvertent or unintentional pain
caused by research manipulations.

The numerous animal models of neuropathic pain all re-
sult in development of chronic somatosensory responses re-
lated to direct neuronal damage or disease induction.? Some
of the more widely used rodent models of neuropathic pain
include mechanical, traumatic, or chemical injury to nerves,
spinal cord, and brain; the creation of central or peripheral
vascular and ischemic lesions; and metabolic or viral injuries.
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A common result in all of these models is that signals from intact
and injured nociceptors contribute to ongoing nervous signal
amplification toward both innocuous and noxious stimuli. The
underlying mechanisms for nociceptive alterations are com-
plex and involve changes in expression of synaptic receptors,
neurotransmitters, and ion channel density, enhanced neuronal
excitability with generation of ectopic action potentials, sprout-
ing of sympathetic neurons near damaged sensory neurons, cell
death, disinhibition of neuronal signaling, and remodeling of
synaptic connections with changes in central pain circuitry.”'%
Any combination of these reactions may be a byproduct in re-
sponse to the development of the research model or pain associ-
ated with progression of disease.

Neuropathic pain and immune system activation. The patho-
physiology of chronic pain, particularly neuropathic pain, in-
volves activation of the innate and adaptive immune systems
in response to neuronal damage. However, centrally mediated
responses to painful stimuli can result in immunosuppression,
in part through the hypothalamic—pituitary—adrenal axis (dis-
cussed later). Regardless of whether the injury arises peripher-
ally or centrally, complement activation occurs within minutes
to hours of injury, resulting in direct cell death as well as activa-
tion of macrophages, glia (specifically, Schwann cells in the pe-
riphery and astrocytes and microglia in the CNS), and eventual
activation and modulation of T cell responses (see Figure 1 for
a summary of key inflammatory mediators and their effects).”
In addition, mast cell degranulation occurs at the site of nerve
injury, with the release of an array of mediators, including hista-
mine, serotonin, prostaglandins, leukotrienes, various proteases,
and proinflammatory cytokines, such as TNF and IL6, which act
as chemoattractants to recruit further inflammatory cells to the
injured site.* Macrophages, both those resident in nervous tis-
sue and monocytes recruited to the site of injury, play a key role
in the progression of acute and chronic inflammation after nerve
injury, through the ongoing release of proinflammatory cyto-
kines, such as TNF and IL1. These cytokines subsequently lead
to T cell activation, induction of alterations in the extracellular
matrix (which contribute to altered nociception and changes
in neuronal circuitry), and glial activation.®*""”!* Tissue dam-
age and inflammation is perpetuated by neutrophil chemotaxis
and degranulation, and activation of the adaptive immune sys-
tem perpetuates ongoing injury and inflammation. The effects
of various cytokines and chemokines on the development of
neuropathic pain and as potential confounders to experimental
studies are addressed further in the following immunology sec-
tion, and in-depth reviews can be found elsewhere.”*

Ongoing cytokine and chemokine expression over time, both
directly at the site of injury and in central processing areas, re-
sults in activation of glia, alteration of central and peripheral
neurotrophic factors, and morphologic alterations in various
brain regions, as well as chronic changes in neuroendocrine,
neuroimmune, and monoamine responses (summarized in Fig-
ure 2) ' The time course of neuroimmune system activation
and subsequent pain development and modulation is impor-
tant to understand, because it is often a subject of study and
is sometimes used as a reason for withholding analgesia. Fur-
thermore, these same mechanisms underlie the development of
central pain sensitization or ‘wind-up,” a chronic condition that
can occur regardless of the method underlying pain induction.
The long-term changes in neuroplasticity, behavioral responses,
neuronal disinhibition, and glial activation that are seen in neu-
ropathic pain models are likely maintained by epigenetic ef-
fects on neurons and glial cells in peripheral nerves, the spinal
cord, and the brain.* These responses underscore the need to
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consider both the immediate effects of unrelieved pain on the
model as well as possible long-term effects when a decision is
made to withhold analgesics.

Although most of the changes described are observed in ani-
mal models of neuronal injury and are seen regardless of how
that injury is induced, it would be an overgeneralization to as-
sume that identical changes occur in every animal model that
induces pain. However, it is highly likely that many of these
changes are present in subclinical and clinical pain occurring
in other chronic animal disease models, given the considerable
overlap in currently recognized chronic pain mechanisms and
classifications.'” The earlier-mentioned mechanisms serve as
a reminder that pain, in and of itself, has a profound effect on
the body; that—regardless of the research question—immuno-
logic, neurologic, and physiologic systems are inseparably inter-
twined when using in vivo models; and that these consequences
need to be considered seriously in any experimental design in
which pain is possible or predicted. In addition to obvious hu-
mane considerations, model design needs to account for poten-
tial alterations in the parameters or biomarkers measured, the
mechanism studied, and the translatability and reproducibility
of the model. With regard to model reproducibility, the question
of whether unrelieved pain is present or permitted in the cor-
responding human clinical situation should be considered and
when interventions should occur after neuroimmune system
activation (as outlined in Figure 2).

The use of analgesics in animal-based models of neuropathic
injury and pain models. The use of analgesics in animal-based
models of neuropathic injury and pain is debated, given the
marked concern of research groups regarding the potential
interference of various classes of analgesic therapeutics in the
neuroinflammatory process. In a recent review of reported use
of analgesia or analgesic-anesthetic combinations in publica-
tions involving animal surgical models, the majority of articles
reviewed for neuropathic pain models did not report the use of
any analgesic perioperatively or in the days after surgery (only
articles involving rodent spinal cord injury or spared nerve in-
jury models were examined).” Specifically, less than 30% re-
ported analgesic use for mouse spinal surgeries, and less than
10% of articles on rat neuropathy models reported analgesic
use.?

The clinical outcomes observed for neuropathic pain include
the development of allodynia (pain response to nonpainful
stimuli), hyperalgesia (increased response to painful stimuli),
spontaneous pain, and behavioral changes, characterized in
humans as depression, anxiety, and sleeplessness.” An onset
of headaches is reported in human patients specifically after
increases in intracranial pressure with cerebral ischemia or
inflammation. It is much more difficult to determine whether
headaches also occur in animal models of central neuronal in-
jury, although a number of reliable headache and migraine ro-
dent models do exist, suggesting that the physiologic condition
is possible and quantifiable.*' This area requires more research.
Behavioral changes associated with chronic neuropathic injury
and pain when using animal models have received increasing
attention in recent years, given that negative affective and cog-
nitive experiences contribute significantly to the poor quality
of life reported by human patients with chronic neuropathic
pain.®*”* Potential adverse behavioral changes an important
consideration for the IACUC and research team when working
with these models because, if present, they may contribute to
altered physiology and poor animal wellbeing. This is another
area that requires further work.
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Figure 1. Examples of key inflammatory cell types and mediators involved in neuroimmune activation and inflammation. Modified from refer-

ences 7 and 36.

Timing of evaluation of animal behavior after lesion induc-
tion is important, because most neuropathic pain models take
at least 3 wk to develop (Figure 2). Studies evaluating behav-
ioral indices in male BALB/C and C57BL/6 mice in the first
few weeks after the creation of neuropathic lesions in the spared

nerve injury model or complete Freund adjuvant footpad injec-
tion model have suggested that no ‘lasting” changes in affective
state are present;'*® however, no long-term follow-up was con-
ducted. Because these types of findings may be misinterpreted
by the research community and IACUC alike, it is essential that
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Figure 2. Timeline of neuroimmune system activation and pain response following injury. The timeline is important to consider when evaluating
the potential influence of administering analgesics, in particular, whether acute or chronic effects are being studied in a specific model. Modified

from references 7 and 84.

animals used in chronic pain models be assessed after an appro-
priate interval following lesion induction has occurred. Infor-
mation is much more clear-cut for rats; there is strong evidence
for the development of anxiety-like behaviors, which can be
reversed with benzodiazepines, in various chronic neuropathic
pain models.*** When appropriate behavioral tests are con-
ducted at correct intervals, persistent changes correlating with
anxiety-like and depression-like behaviors are seen consistently
in a variety of mouse and rat models of neuropathic pain.****”
Because these adverse effects are unlikely to be treated with
analgesics or other drugs, these animal experiences should be
weighed carefully during the overall consideration of the pain
and distress burden compared with the scientific objectives.
Consistent with a cost-benefit approach, when these models
are used, endpoint criteria must be well defined in the experi-
mental design.

Both opioids and NSAID have the potential to interfere with
the development of neuropathic pain in animal models. By
their very nature, NSAID inhibit the activity of cyclooxygenase
enzymes (primarily COX1 and COX2), preventing conversion
of arachidonic acid into proinflammatory prostaglandins, and
these agents are used therapeutically to manage and prevent
the onset of pain in humans with neuropathic injuries. There
is a risk that using NSAID or opioids acutely after surgery or
trauma induction may alter the course of lesion development.
For example, the postoperative use of tramadol after partial
sciatic nerve damage in rats is reported to reduce the onset of
allodynia and led to an increased basic pain threshold at 7 d
after lesion induction.® Both NSAID and opioids may have
paradoxical effects on pain outcomes in neuropathic pain mod-
els through effects on less well-known mediator pathways. For
example, morphine provided to rats for 7 d after the induction
of a chronic nerve constriction injury induced increased allo-
dynia.* This effect was thought to be mediated by an inflam-
matory pathway, ultimately causing local spinal cord increases
in IL1 levels. However, it should not be assumed that any use
of analgesic postoperatively will always change the outcome of
model development, because the modifications depend on the
duration of drug use, the drug dosage, the specific model, and
the research question.
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Analgesia in central neuropathic and ischemic models. Multi-
ple factors, including the specific animal model® and induction
of NSAID-sensitive immunologic responses, affect the patho-
genesis of brain injury, and the selection of appropriate analge-
sics in the perioperative period is paramount. For example, the
use of carprofen after the induction of traumatic brain injury
in mice was shown to result in reduced lesion size and an im-
proved functional outcome.’® Conversely, chronic treatment of
rats with high-dose ibuprofen after traumatic brain injury sig-
nificantly worsened learning ability 4 mo after injury compared
with untreated rats, despite similar lesion size and histology.'®
Others have evaluated the effect of using short-term therapeutic
perioperative doses of buprenorphine compared with meloxi-
cam in a middle cerebral artery occlusion stroke model in male
C57BL/6 mice.*? The study addressed whether the use of an
analgesic altered the postsurgical infarct size and long-term
behaviors. Meloxicam significantly reduced the infarct size,
whereas buprenorphine had no effect on infarct volume, and
furthermore, had no lasting effect on animal behavior, allowing
the researchers to conclude that buprenorphine could be safely
used as a perioperative analgesic in this model. This research
emphasizes the need for pilot studies to examine the specific
outcomes on the model when analgesic withholding is being
considered for neuropathic pain models. It is interesting to note
that the induction of cerebral ischemia for stroke modeling in
NHP routinely includes both a NSAID as well as an opioid at
the time of anesthesia induction, local anesthesia around the
surgical craniotomy site, and postoperative opioids, as well as
antinausea and antiseizure medications.*? This approach better
mimics the clinical management of humans with this condition
and helps to alleviate unwanted and inadvertent side effects
(Figure 2), suggesting that it is a more translatable model for
evaluating new therapeutics.

The Use of Analgesics in Inmunology Research

Most analgesics affect the immune system in some fashion,
leading to generalized concerns that providing any analgesia
will confound immunology studies. Tissue injury does stimulate
local inflammatory reactions and cytokine release, as discussed
earlier; however, unalleviated pain can also lead to general-
ized immunosuppression (Figure 3) and commonly occurs in
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Figure 3. Pain is a stressor for the body that leads to emotional, physiologic, and behavioral responses. The physiologic response can lead to
immunosuppression by stimulating glucocorticoid and catecholamine release. IL12 is a major inducer of Th1 responses, whereas IL10 antago-
nizes its effects and favors Th2 responses; both cytokines are predominately produced by activated monocytes. Catecholamines inhibit IL12 and
stimulate IL10 production, whereas glucocorticoids inhibit IL12, but do not affect IL10 production. Thus, both glucocorticoids and catechola-
mines selectively suppress Thl and favor Th2 responses, thereby suppressing cell-mediated immunity. Cortisol simultaneously 1) decreases the
production of proinflammatory molecules (IL1, TNE, GM-CSEF, IL2, IL3, IL4, IL5, IL8, prostaglandins, and leukotrienes); 2) reduces extravasation
of inflammatory cells with inhibition of neutrophil function; and 3) induces apoptosis in lymphocytes and eosinophils.

humans and animals undergoing and recovering from surgery.”*
Other studies of unalleviated acute and chronic pain and stress
in animal models have demonstrated the release of proinflam-
matory molecules and immunosuppression,'” """ jndicating
that unmanaged pain is potentially as great a confound, if not
more so, as administering an analgesic agent.

Opioids are often the first analgesic considered for refinement
in immunology models, because the use of NSAID is predicted
to negate many of the attributes the model was designed to
manifest. Although the effect is not as obvious, most investiga-
tors are aware of the additional potential of opioids to cause im-
munosuppression, and this consequence is used as justification
for withholding analgesics. However, as discussed later, opioid
use should not be entirely discounted, because their effects can
be transient and variable, depending on the drug and duration
of administration. In addition, the use of local anesthetics to
augment analgesia should be considered.

Opioids have differing effects depending on the compound
and whether the model involves acute or chronic inflamma-
tion.®¥!> Some opioids transiently affect LPS-induced proin-
flammatory cytokine serum concentrations in a drug dose- and
time-dependent fashion in male Swiss mice.'”* Morphine and
fentanyl have both been reported to stimulate the hypothal-
amopituitary—adrenal axis, increase corticosteroid secretion, de-
crease lymphoproliferation, and decrease NK cell activity.*8085108
In comparison, hydromorphone and buprenorphine have no
reported effects on the hypothalamopituitary—adrenal axis,
minimal or no known decrease in corticosteroid secretion, and
no effect on NK cell activity or lymphoproliferation in Fisher
344 rats or Swiss mice. 3810 In addition, the administration of
buprenorphine has no to minimal effect on proinflammatory cy-
tokine concentrations in male Swiss mice.®'! Collectively, these
findings suggest that buprenorphine, a mixed partial p-agonist,
may have fewer confounding effects on inflammatory responses
than other pure p-opioid receptor agonists, such as morphine
and fentanyl.

Opioid immunosuppression appears to be less relevant when
these compounds are administered chronically rather than
acutely. Continuous infusion of fentanyl significantly decreased

lymphoproliferation, NK cell activity, and proinflammatory cy-
tokine concentrations for as long as 3 d, but the effects resolved
by day 7, in male Swiss mice.* In comparison, continuous infu-
sion of buprenorphine for as long as 7 d had no noteworthy
measurable effect on immune function at any time point.** This
result suggests that buprenorphine should be used preferen-
tially over fentanyl, given that buprenorphine does not appear
to stimulate proinflammatory cytokine plasma concentrations
when used acutely or chronically, even at doses much higher
than those typically used clinically. Overgeneralization of the
immunosuppressive effects of opioids should be avoided when
considering which analgesic is most appropriate for use in the
experimental design.

The use of analgesics in models of rheumatoid arthritis. Rheu-
matoid arthritis is a painful, chronic, autoimmune disease that
requires refinement to reduce the suffering and improve the
wellbeing of animals used in model development. Whereas
NSAID are a mainstay of therapy in humans with this condi-
tion, NSAID can modulate the inflammatory response and
decrease disease severity in humans and animals.” Because in-
flammation underpins disease progression in this model, the
use of NSAID adversely affects studies evaluating the inflam-
matory response associated with arthritis.>¥%4113

Opioids are used infrequently in humans for rheumatoid ar-
thritis pain management but may be used in animal models as
an alternative to NSAID. The reported effects of various opioids
are quite variable in different animal models, indicating a need
for further investigation. During complete Freund adjuvant-
induced unilateral paw inflammation in a rodent model, p- and
K-opioid receptor agonists decrease the severity of inflam-
mation."® However, morphine accelerated the inflammatory
process in Wistar rats, as demonstrated by faster onset and in-
creased severity of adjuvant arthritis, an effect that normalized
within 2 wk.* In Lewis rats, morphine caused a dose-dependent
attenuation of adjuvant arthritis progression.'® Further investi-
gations of morphine in LPS-induced arthritis in horses showed
an overall decreased severity of inflammation.”'* As part of
these studies, the route of morphine administration was found
to be important, with intraarticular injection having the greatest
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antiinflammatory effect.”* Results with buprenorphine have
similarly been mixed. Buprenorphine had no significant effect
on the progression of adjuvant arthritis in male Lewis rats,' but
it inhibited inflammation and joint erosion in streptococcal cell
wall-induced arthritis in female Lew /SSN rats."* In addition,
prolonged administration of buprenorphine for as long as 31 d
inhibits osteoclastic bone resorption in vitro but has proinflam-
matory effects, as assessed by edema and radiography, in male
Lewis rats used in an adjuvant arthritis study.” These findings
highlight the importance of evaluating opioid analgesics in spe-
cific animal arthritis models.

Most analgesics affect the immune system in some way, but
a number of reports have documented that effective analge-
sia can be achieved without significant immunomodulatory
effects.?#13 For example, gabapentin was effective in attenu-
ating allodynia without affecting disease progression during
the chronic phase of disease in K/BxN mice, a spontaneous
immune complex-mediated model of inflammatory arthritis.”
These results underscore the value of ‘out-of-the-box” thinking
beyond conventionally used analgesics for pain relief in stud-
ies where NSAID and opioids may be confounders. In addi-
tion, nonpharmacologic measures, such as deep, soft bedding,
may be used to enhance the comfort of animals used for arthritis
modeling.

Analgesia in sepsis models. Septicemia is a systemic immune
response to an overwhelming infection that can have serious
consequences, including multiple organ failure, severe pain,
and death.”” In addition to antimicrobial therapy, humans being
treated for sepsis generally receive analgesics to provide pain
relief.?” This multifactorial disease process has been modeled
through a variety of approaches, but the most common model
is cecal ligation and puncture (CLP). Whether septicemia itself is
painful compared with inducing marked sickness behavior has
been debated; however, models using CLP require abdominal
surgery, which is painful and which requires at least the admin-
istration of short-term analgesia. NSAID are generally avoided,
due to their inherent immunomodulatory effects, which can
alter animal survival and severity of disease process.'” Selec-
tive COX2 inhibitors have specifically been shown to decrease
endotoxin-induced mortality in a dose-dependent manner.'*
For these reasons, most investigators use an opioid for analgesia
in sepsis models.

Opioids can have variable effects on mortality associated
with CLP. Morphine and methadone have both been associated
with increased mortality in mice,® whereas this effect has not
been seen with buprenorphine in female Hsd:ICR, C57BL/6,
or BALB/c mice.””%% Interestingly, the same dose of buprenor-
phine has been associated with increased mortality in male
C57BL/6 mice, but this difference disappeared at a lower bu-
prenorphine dose (0.05 mg/kg compared with 0.1 mg/kg),*
suggesting both potential sex- and dose-associated effects of
the analgesic on survival. Whether the lower dose of buprenor-
phine was clinically efficacious for inducing analgesia in this
model is a matter of debate, because the dose has not been as-
sociated with analgesia in other surgical models.”** The effects of
clinically relevant doses of tramadol on murine mortality have
been mixed. Low doses of 20 mg/kg SC are reported to have no
effect on survival, whereas doses as high as 80 mg/kg SC were
associated with an increased mortality rate.”

Opioids also have variable physiologic effects when used
in rodents undergoing CLP. Morphine promoted the dissemi-
nation of gram-positive bacteria, directly modulated the gut
microbiome, and inhibited bacterial clearance from the abdo-
men of male C57BL/6 mice.*? In rats, the condition of sepsis
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and the use of fentanyl both individually caused a statistically
significant reduction in gastrointestinal transit time that was
synergistic in combination.”! This dysmotility can lead to dis-
ruption of nutrient absorption, which can have serious clinical
consequences, including death, in septic individuals and should
be considered in animals undergoing CLP."! Tramadol did not
have this same gastrointestinal effect when compared with fen-
tanyl in CLP rats.'” However, tramadol did have other transient
and mild effects on neutrophil and macrophage counts but did
not alter plasma cytokine concentrations in female Hsd:ICR
mice that had undergone CLP.*® Buprenorphine had similar
effects as tramadol in both Hsd:ICR and BALB/c mice.*® In
particular, BALB/c mice in proestrus demonstrated increased
neutrophils and monocytes after CLP* suggesting that the es-
trous cycle has a greater effect on the CLP model of sepsis than
does the analgesic chosen. Collectively, these studies indicate
that buprenorphine and tramadol can be used in both mice and
rat CLP models, because these drugs have minimal to no effect
on mortality or the inflammatory process.

Vaccine development and antibody response. In most cases,
the administration of vaccines does not result in significant pain.
However, the administration of infectious agents or neoplastic
cells for which vaccines are being developed may result in pain,
warranting analgesic use. The Sereny test, a method to evaluate
the invasiveness of infectious organisms in guinea pigs, has the
potential for causing significant ocular pain. After inoculation
of the eye with a bacterial suspension, severe mucopurulent
conjunctivitis and keratitis can develop, indicating a positive
test result.

Opioids have minimal effects on corneal thickness and immu-
nologic responses in the guinea pig Sereny test. When butorpha-
nol or buprenorphine were administered acutely immediately
after clinical signs were noted, the drug had no significant ef-
fect on corneal thickness measurements."'® Furthermore, when
buprenorphine was administered for the duration of the study,
the immunologic response (serum, spleen and lymph node IgG
and IgA production) to candidate Shigella vaccines was not dis-
rupted.* Conversely, morphine administration to domestic pigs
prior to vaccination with Bacille-Calmette—Guérin decreased
the proliferative responses and cytolytic activity of y0 T cells and
decreased NK cell activity.”

In addition, morphine has a strain-associated suppressive ef-
fect on antibody production, with suppression seen in C3HeB/
Fe], C3H/He], C57BL/6, and C57BL/6] bg!/bg! but not CxBk/
By]J or Balb/cBy] mice.’" The use of other analgesics in com-
bination with buprenorphine has had much less influence on
antibody production across various strains. Specifically, acet-
aminophen, meloxicam, and buprenorphine do not decrease
the mean or maximal antibody titer after primary or repeated
immunization with complete or incomplete Freund adjuvant,
but these analgesics were effective in attenuating behavioral
signs of pain.”

Because of the very different effects seen in vaccine and an-
tibody production studies, partial p-opioid receptor agonists,
such as buprenorphine, can likely be used. However, focused
pilot studies may be needed with specific vaccine studies and
antibody production to investigate potential effects.

Ascites production and analgesia. Although in vitro alterna-
tives should be used when possible, ascites fluid production
is still used to produce high concentrations of monoclonal
antibodies. This technique is frequently associated with local
irritation and visceral pain. The pain arises from the in vivo
growth of a hybridoma tumor with the resulting production
of ascites fluid,*** injection of adjuvants to enhance antibody



production,"* or the production of pain-inducing cytokines
from hybridoma cells. Because pain is an unwanted side effect,
various analgesics have been evaluated for their effects on anti-
body production. In one study, multimodal analgesia consisting
of both clinically relevant doses of meloxicam and buprenor-
phine did not affect antibody production in male BALB/c mice
injected with pristane followed by hybridoma cells, but the
treatment was intimated to benefit animals clinically.” This re-
port suggests that clinically relevant analgesic regimens can be
provided to mice to maintain antibody production without the
unwanted side effect of pain.

Analgesic use in thermal injury models. Thermal injuries
are associated with significant morbidity and mortality and
represent an important human health issue, necessitating the
development of animal models to study analgesia and treat-
ment regimens. In thermal injury models, pain is associated
with the initial burn, which is compounded through proce-
dural and dressing changes and breakthrough pain. In addi-
tion, burn pain intensifies as the total body surface area (TBSA)
increases''® or when an infection is present.' It is noteworthy
that human burn patients always receive analgesics, suggest-
ing a scientific imperative to use analgesics in animal studies
to ensure that results obtained from these studies are relevant
and translatable.

Burn pain and the distress that accompanies it have been
associated with immunosuppression,'®*#% which can delay
healing.!®*"3* Furthermore, untreated pain impedes wound
care, increasing risks for wound infection, decreases range of
motion, and is associated with prolonged hospitalizations in
humans.'” Pain and stress associated with thermal injuries
have similar effects in rodents as in humans. Unalleviated
thermally induced pain resulted in slower cutaneous healing®
and increased susceptibility to bacterial infection in female
SKH1 mice."™

Unfortunately, there has been a common misconception in
the literature that thermal injury resulting in either partial or
full-thickness burns is not painful in animals; consequently,
animals commonly do not receive analgesics unless they also
undergo another procedure considered painful 26750119 The
misconception that thermal injury is not painful may have
arisen from the thought that nerve endings are destroyed and
become insensate.” However, this notion is contrary to what
is known about neuropathic pain (see preceding section and
Figure 1) and has never fully been evaluated in these stud-
ies. Other researchers have demonstrated significant pain as-
sociated with full-thickness thermal injury in rodents, which
appears to be maximal on the day after the thermal injury.'>
Similarly, studies in cattle have documented associated pain
for at least 10 wk after hot-iron branding.'>'** Together, these
studies indicate that analgesics must be provided to animals
used in burn model studies, and, as indicated in Figure 2, pain
after thermal injury should be treated acutely to avoid inad-
vertently inducing chronic pain and central sensitization ef-
fects in these models.

Opioids have variable effects on cytokine indicators of im-
munosuppression and inflammation depending on the drug,
the animal model, and the percentage TBSA injured thermally.
After injury of 6.25% TBSA, morphine induced greater immu-
nosuppressive effects than were seen in untreated, thermally
injured female C57BL/6 mice. This effect was mitigated when
the affected TBSA exceeded 12%,’ indicating that morphine can
be used with minimal effect on the immune status in animals
undergoing thermal injuries of 12.5% TBSA or greater. In male
Sprague-Dawley rats with thermal injuries ranging from 20%
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to 60% TBSA, twice-daily buprenorphine did not significantly
influence proinflammatory cytokine concentrations.” Similarly,
in C3H mice thermally injured at 20% TBSA, continuous bu-
prenorphine infusion for 14 d did not alter burn-induced im-
munosuppression,® suggesting that buprenorphine may be
preferable to other analgesics for continuous administration in
thermal injury models.

Numerous NSAID have been evaluated at clinically relevant
doses in burn models, with varying effects. Indomethacin, ibu-
profen, and piroxicam have no additional immunosuppressive
effect, as determined by a lack of systemic complement con-
sumption, thrombocytopenia, leukocytosis, or leukopenia and
the maintenance of bactericidal activity of polymorphonuclear
leukocytes in guinea pigs with 30% TBSA thermal injury.’? In-
domethacin does not affect local lymph flow or protein leakage
in a rabbit hindlimb burn model.** Similarly, ibuprofen did not
affect burn-associated dermal ischemia in a 5% TBSA guinea pig
burn model."® In a murine model, ibuprofen partially restored
cell-mediated immunity in female CF, and BDF, mice with 15%
to 20% TBSA, as did indomethacin, although to a lesser extent.®
In summary, NSAID may have minimal effects on some burn
model outcomes; however, adequate analgesia will likely re-
quire combination with opioids.

Various topical treatments have been explored in wound-
healing models. In a 5% TBSA full-thickness porcine burn
model, neither topical amitriptyline nor bupivacaine affected
wound healing, wound contraction, or inflammation.'” Simi-
larly, neither lidocaine nor bupivacaine local tissue infiltration
altered the rate of cutaneous wound healing in an incisional
model in female C57BL/6 mice.”*? Although wound neutrophils
significantly increased in mice treated with 1% lidocaine, this
effect was not seen with 0.5% lidocaine.'® The application of
EMLA cream to human burn blisters has not been associated
with changes in wound healing; however, EMLA did not al-
ter the area of mechanical or thermal hyperalgesia in these pa-
tients.” Due to their minimal effect on wound healing and lack
of systemic effects, topical local analgesics are good additional
therapeutic options in combination with other systemic analge-
sic agents.

Pain and the Use of Analgesics in Oncology
Models

Cancer in people or animals can result in nerve injury, inflam-
mation, ischemia, obstruction and compression, and sickness.
Any one or a combination of these events can occur, and the
outcome is highly influenced by patient genetics, the type of
cancer, heterogeneity across cancer subtypes and patients, the
size and location of tumor, the presence of metastases, the spe-
cific cytokines and chemokines produced by the tumor, and host
reactions to the tumor. Because of this variability, characterizing
and predicting the nature of pain that may develop when can-
cer occurs—and the effectiveness of analgesics for treating this
pain—is difficult. This is especially true in animals, in which
pain and sickness are already difficult to discriminate and treat
efficaciously. Because of this complexity, cancer pain has been
placed in its own group in the clinical categorization of types of
pain for human patients.'?

It is generally accepted that most animals with aggressively
growing tumors, if left untreated, will at some point experi-
ence pain or distress. Therefore, analgesic use must be carefully
considered by IACUC. Because analgesics are unlikely to com-
pletely alleviate cancer pain and because often scientific objec-
tives may be obtained prior to the onset of pain and distress,
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most humane guidelines for cancer studies emphasize the
adoption of early endpoints.'® Early endpoint definitions typi-
cally involve defining removal criteria according to tumor size,
characteristics such as ulceration and necrosis for subcutane-
ous cancer models, and behavioral and body condition scoring
indices for internal tumors (orthotopic, metastatic, and trans-
genic models). These criteria generally work well because the
onset of those factors that negatively influence animal wellbeing
also alter tumor cell growth and negatively affect the scientific
outcomes. However, some procedures in the development and
testing of cancer therapeutics in animal models may require
additional consideration regarding the alleviation of pain and
its potential effect on results, and these are discussed in the fol-
lowing paragraphs.

The development of most orthotopic cancer models requires
surgery for tumor cell implantation, and some translational
studies involve later tumor resection. As for other surgical
procedures, the use of perioperative analgesics is needed to
alleviate pain.®® However, some specific effects of opioids and
NSAID should be considered when tumor modeling is being
conducted. For example, using a laparotomy model combined
with intravenous injection of tumor cells, one group compared
seeding of tumor cells (metastases) into the lung under condi-
tions of unalleviated pain and in morphine-treated rats.” The
results demonstrated that the number of metastases signifi-
cantly decreased when pain was alleviated and that morphine
significantly lowered serum corticosterone levels. Using the
same model, other colleagues confirmed these results with
buprenorphine but were unable to replicate suppression of
seeding to the lungs in morphine- or fentanyl-treated rats.** A
third group used serum obtained from the surgical pain model
and from mice experiencing neuropathic pain to demonstrate
that rat mammary cells grew faster in vitro in the “pain serum’
when compared with control serum.” However, human mam-
mary tumor cells (MDA-MB-235) grew at a similar rate regard-
less of whether they were obtained from animals experiencing
pain or not. These studies demonstrate that pain may affect
tumor cell behavior, either directly or indirectly through re-
leased cytokines and other mediators (Figures 1 and 3), and
this response is dependent on the tumor cell type and the type
of analgesic used to alleviate the pain.

Other than the studies just described and rodent models of
pain due to bone metastases, preclinical studies demonstrat-
ing a link between pain and cancer progression are scant. This
situation is likely because the onset and intensity of pain is
unpredictable in soft tissue cancer models, and thus measur-
ing and controlling these variables is difficult when planning a
study. In addition, studies using cancer pain models may pro-
vide insights into how pain and the use of analgesic influence
cancer cell behavior. Fentanyl, and to a lesser degree, mor-
phine, decreased osteolytic activity and relieved pain when
administered to C3H mice that had osteolytic murine sarcoma
cells (NCTC 2472) implanted in the femur.” If clinically rel-
evant, these findings could reinforce the use of morphine in
patients with bone metastases but may reduce the use of anal-
gesics preclinical studies investigating bone sparing therapies
in this model, because the magnitude of response compared
with that of negative controls could be dampened with mor-
phine. However, the issue has not been resolved conclusively,
because one study yielded different results when morphine
was administered in a similar model using CCL11 sarcoma
cells.” In that study, morphine paradoxically increased bone
pain, with concomitant increases in osteolytic activity and ex-
pression of the osteolytic mediator 1Lb. In addition, tolerance
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to morphine doses varies with the mouse strain used, and
these differences are likely to affect decisions about application
in preclinical models. Clearly, the modulating effects of opi-
oids on the microenvironment of cancer cells is dependent on
tumor cell responsiveness, the dose and type of opioid used,
and the mouse or rat strain involved.

Because analgesics are commonly used in cancer patients,
several studies using rodent tumor models have evaluated
the beneficial or adverse effects of these drugs on cancer pro-
gression. Although the presence or quantification of pain in
these studies is likely to be variable and rarely monitored,
review of these studies may provide insights on potential
confounding effects in preclinical cancer studies that incor-
porate analgesics. In a bone orthotopic-metastatic model, the
use of buprenorphine did not affect tumor growth, but the
pain-relieving effects allowed the investigators to continue
their studies longer, thus increasing the opportunity for lung
metastases to occur.’? However, the authors of a review article
found that, in a majority of studies, opioids had an apoptotic
effect on cancer cells,? and NSAID have been shown to have
an apoptotic effect on ovarian,* breast,” and hepatic®” tumor
cell lines. Of relevance to the metastatic models discussed
earlier, cell adhesion and the production of invasive enzymes
varied depending on the type of tumor cells and the dose and
type of opioid used.?

In addition to having a direct effect on the tumor cells them-
selves, analgesics may alter the host response to the tumor
through alteration of tumor microenvironment. Stimulation of
angiogenesis is influenced by opioids, although these effects are
highly variable. For example, morphine induced blood vessel
formation in vitro.”® In the presence of clinically relevant doses
of morphine, MCF7 mammary tumor xenografts in mice had
more blood vessels and increased expression of angiogenesis-
related signal transduction genes than tumor xenografts from
mice not treated with morphine. Contrary to these findings,
Lewis lung carcinoma xenografts in athymic mice had de-
creased blood vessel density and leukocyte cell migration when
compared with controls.” Different cell lines and doses of mor-
phine may have contributed to the differences between these
2 studies. Studies performed with COX1 inhibitors, such as
ibuprofen, have shown that NSAID can inhibit ovarian tumor-
induced angiogenesis.”’In addition, a COX2 inhibitor stunted
angiogenesis in the chick embryonic chorioallantoic membrane
assay and in murine mammary adenocarcinoma (TA-MTXR)
tumors;'® the expression of vascular endothelial growth factor
(VEGF), a major stimulator of angiogenesis, also was reduced
in this tumor line.

In addition to endothelial cells, immune cell infiltrates com-
prise part of the tumor microenvironment, and as discussed
previously, the use of analgesics can influence tumor-related
inflammation. There is growing interest in developing immu-
nomodulating drugs to sensitize and stimulate the immune
system to attack tumor cells. As animal models are needed for
the preclinical development in immune-mediated cancer ther-
apy, IACUC may encounter requests to exempt analgesic use
in animals from these studies. Typically, NSAID are avoided
in cancer studies, especially those in which immunosurveil-
lance may influence outcomes. Because several studies **7°%
have documented that opioids may have immunosuppres-
sive effects, their use in these types of studies is not clear-cut.
Empirical preclinical studies connecting opioid-induced im-
munosuppression with tumor progression is unavailable, and
assumptions are largely based on transitive reasoning (opioid
use leads to immunosuppression; immunosuppression leads



to tumor progression; therefore opioid use leads to tumor pro-
gression).

It is important to reinforce that, in the vast majority of the
studies cited earlier, the comparisons did not include evalua-
tion of pain in tumor-bearing animals nor were there separate
arms comparing tumor response in unrelieved pain subjects
with controls and analgesic-treated animals. Although some ev-
idence suggests that the use of analgesics might be a confound
in tumor studies, the effects of not relieving pain are largely un-
known. Further well-controlled studies in this area are needed
to justify withholding of analgesia in animal tumor models that
incur pain.

The timing and period of use of analgesics in cancer model
development and testing should be considered. For example, if
an investigator proposes to withhold analgesics from an ortho-
topic tumor protocol early, after surgical implantation, the effect
of providing alleviation on research outcomes measured sev-
eral weeks later should be considered. Early cancer cell growth,
which occurs immediately after implantation, is dependent on
cell proliferation. Estrogen receptor-positive mammary tumor
(MCF7 and MBA-Md-231) cells were susceptible to aspirin-
induced inhibition of growth and self-renewal.” Although
never empirically tested, these results might raise concerns
that NSAID could negatively affect mammary tumor implanta-
tion rates. In contrast, morphine was shown to promote tumor
growth and expand cancer stem cell populations in MCF7 and
BT549 mammary tumors.*” Paradoxically, if the scientific objec-
tive is to generate large numbers of stem cells, the use of mor-
phine could be dually beneficial in this model.

With the increased popularity of multimodal therapeutic ap-
proaches for cancer treatment, cancer chemotherapeutics are
commonly being tested with newly developed drugs in preclini-
cal animal studies. Therefore, appropriate pilot studies likely
are needed to determine whether analgesic use alters respon-
siveness to chemotherapeutics and whether chemotherapeutics
themselves cause pain and sickness. In an in vitro study, the use
of morphine increased the resistance of 2 mammary tumor cell
lines to doxorubicin and paclitaxel.®” Morphine also partially re-
versed the growth inhibition, apoptosis, and antiangiogenic re-
sponse of nasopharyngeal carcinoma cells to cisplatin in vitro.*'
However, piroxicam, a widely used NSAID, had the opposite
effect on mesothelial cells, instead sensitizing them to the effects
of cisplatin."? Treatment of mesothelial cells with piroxicam up-
regulated expression of metabolically active genes and down-
regulated expression of genes associated with RNA processing;
these effects are believed to have increased vulnerability to the
chemotherapeutic.

Similarly, several chemotherapeutic agents, including plat-
inum agents, taxanes, vinca alkaloids, thalidomide, bortezo-
mib, and ixabepilone, may result in peripheral neuropathy and
chronic pain.” No treatments to date consistently prevent or al-
leviate chemotherapeutic-mediated pain in humans. Celecoxib,
a COX2-selective NSAID, alleviated pain associated with oxali-
platin treatment in mice;* the drug also enhanced oxaliplatin-
mediated killing of human colon cancer line HCT116 in vitro
and in vivo.” Further studies are needed to determine whether
analgesics are effective in preventing and treating chemothera-
peutic-induced peripheral neuropathic pain without confound-
ing research results in animal models.

In summary, many studies have shown that analgesics can
influence tumor growth, metastases, apoptosis, and chemo-
therapeutic resistance. The presence of analgesics may also
alter the tumor microenvironment and host inflammatory
response. It is also well established that unalleviated pain
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alters physiology through central mechanisms and the pro-
duction of neuropeptides, cytokines, and hormones. Several
types of tumor cells have receptors to these molecules that
would allow the cells to respond to pain-associated envi-
ronmental changes.'” Because there is no overarching trend
or consensus on how analgesics or unalleviated pain affects
many of the parameters being measured in a given cancer
study, scientific recommendations for exemption of analge-
sics are questionable. In such cases, pilot studies should be
encouraged, and overall decisions should reflect moral re-
sponsibilities to reduce pain and distress, whenever possible.
The use of analgesics should be tested as a default. Interest-
ingly, recent reviews that address the potential of analgesics
to enhance cancer progression in human patients resulted in
a similar conclusion: variability among studies was so high
that recommendations regarding withholding analgesics
could not be made.?#

Conclusions

Although the examples we have provided suggest that IA-
CUC and research teams are wise to be cautious about analgesic
use in various animal models to minimize unnecessary animal
use, this caution must be balanced with the ethical imperative
to minimize pain and distress in animals used in invasive re-
search models.'*!*#1%14 There is also a scientific imperative to
ensure that models are relevant and translatable. Researchers
and granting agencies must question whether data obtained
from animals treated differently from human patients will con-
tribute meaningfully to current human patient care.

We included Figure 4 to assist investigators and IACUC in
designing and evaluating studies that involve pain in animals.
In studies requiring surgery to produce models that will sub-
sequently experience pain associated with disease progression,
alleviation from surgical pain should be considered separately
and in addition to pain caused by the disease model. IACUC
should request pilot or validation studies to demonstrate
that short-term therapeutic perioperative analgesic use sig-
nificantly alters the model studied. In addition, the research
question must be fine-tuned to ask not whether analgesic use
induces any change but whether the change induced is criti-
cal to the line of research being studied. The withholding of
analgesics should be considered only when sufficient evidence
indicates that the mechanism in question or translatability of
the model is affected negatively by the specific use of peri-
operative analgesics. Furthermore, these considerations also
should weigh the time span between surgery and onset of dis-
ease under study.

Caution must also be applied to avoid overinterpreting re-
sults in the literature. Effects revealed in one model are not
necessarily broadly generalizable to other models. As such,
both research teams and IACUC must ensure that the justifica-
tion for withholding of analgesia is not based on extrapolations
or assumptions from completely different models. Further-
more, many of the studies that have been conducted evaluat-
ing the impact of analgesics on model outcome use morphine,
a complete p-agonist, whereas buprenorphine, which is used
more commonly than morphine in laboratory animals, is only
a partial p-agonist. Differences in the pharmacokinetics and
pharmacodynamics of these agents in human clinical settings®
suggest that these drugs would behave differently in labora-
tory animals as well. In many of the studies that we have re-
viewed here, buprenorphine tended to have fewer adverse
effects on model outcomes than morphine. These findings sug-
gest that, at minimum, analgesia with buprenorphine should
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Does the procedure
involve 2 or more painful
procedures/phases ?
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Yes

Consider each procedure separately and
in tandem with potential confounding
interactions of unalleviated pain and use
of analgesics upon each phase.

*No

Is pain relief provided in
the human condition?

* Yes

Will alleviation of
pain provide a more
translatable model?*

there
mode

Consider rationale for not using analgesics in
No | patients, possible species differences, and if
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|
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Justification for withholding analgesics must address mechanisms involved and
potential impact for both unalleviated pain and analgesic use upon the model

v

Literature / previous

experience indicates

analgesic use has no
impact on model

\4

7

Literature / previous

Literature / previous experience experience indicates use of
comparing unalleviated pain analgesics would negatively

and analgesic use

in the model impact model, more so than

is contradictory or inconclusive unalleviated pain

\4

* Yes

Withholding
analgesics is
not justified

Pilot study No Ensure that literature search
comparing +/- E was comprehensive and
analgesics is non-biased and doses used
required were clinically relevant
Place high emphasis on providing Yes

additional comfort and early endpoints.

Figure 4. Decision tree for petitions to withhold analgesics in painful procedures involving laboratory animals. To minimize the period during
which pain and distress are experienced and regardless of the decision, the experiment should be designed so that the endpoints and objectives
are reached as quickly as possible. *, Most studies have both mechanistic and translational components, and the relationship of these 2 objectives
need to be considered in regard to alleviation of pain in the model.

be considered in new or pilot animal studies in which pain is
likely to occur. Further model development may warrant bu-
prenorphine use in combination with NSAID and other agents
to achieve a more balanced and comprehensive analgesic effect
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with minimal adverse effects. Personnel involved with model
development, pilot study design, and the evaluation of animal
outcome must critically review the literature to ensure that rel-
evant and therapeutic doses of analgesics are used to alleviate



painful conditions and that appropriate behaviors and other
measures are used to evaluate analgesia efficacy. Certainly,
some general anesthetic agents provide some perioperative
analgesia; however these effects are of short duration only and
should be understood to cover only the immediate postopera-
tive period.

In addition to studies needed concerning potential effects
of opioids and NSAID on animal models, further research is
needed to explore the adjunctive effects of local anesthetics
on these models, given that these agents are increasingly be-
ing used for pain mitigation in human medicine. Ensuring that
animals are housed in an appropriate environment should be
assessed for its effects on modulation of pain response and en-
hancing animal wellbeing in pain models."”'* Although not
reviewed here, ample evidence suggests that widespread adop-
tion of nonpharmacologic refinements to pain management,
such as the use of deep bedding, opportunities for exercise, tasty
food treats, easy access to food and water, warmth, and social
housing with familiar conspecifics leading to social buffering
and analgesia, might be implemented to enhance animal well-
being in these studies.**
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