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Abstract

Animal research has been conducted by scientists for over two millennia resulting in a better
understanding of human anatomy, physiology, and pathology, as well as testing of novel therapies.
In the molecular genomic era, pre-clinical models represent a key tool for understanding the
genomic underpinnings of health and disease and are relevant to precision medicine initiatives.
Nurses contribute to improved health by collecting and translating evidence from clinically
relevant pre-clinical models. Using animal models, nurses can ask questions that would not be
feasible or ethical to address in humans, and establish the safety and efficacy of interventions
before translating them to clinical trials. Two advantages of using pre-clinical models are reduced
variability between test subjects and the opportunity for precisely controlled experimental
exposures. Standardized care controls the effects of diet and environment, while the availability of
inbred strains significantly reduces the confounding effects of genetic differences. Outside the
laboratory, nurses can contribute to the approval and oversight of animal studies, as well as
translation to clinical trials and, ultimately, patient care. This review is intended as a primer on the
use of animal models to advance nursing science; specifically, the paper discusses the utility of
preclinical models for studying the pathophysiologic and genomic contributors to health and
disease, testing interventions, and evaluating effects of environmental exposures. Considerations
specifically geared to nurse researchers are also introduced, including discussion of how to choose
an appropriate model and controls, potential confounders, as well as legal and ethical concerns.
Finally, roles for nurse clinicians in pre-clinical research are also highlighted.
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Disclaimer About Vocabulary

This article employs some fundamental genetics and genomics vocabulary, not all of which
is thoroughly defined in this text; a glossary of key terms used in this review (7talicized in
the text) is provided (Table 1). For additional clarification of terms, the reader is encouraged
to utilize the freely available Glossary of Genetic Terms published by the National Human
Genome Research Institute (https://www.genome.gov/glossary/). It is also important to note
that “animal model’ and “pre-clinical model’ will be used interchangeably, though pre-
clinical models also include /n vitro techniques such as cell culture, which are not covered in
this review.

Introduction and Purpose

Animal models have been an important research and teaching tool for thousands of years,
and are becoming even more important in the advent of the molecular-genomic revolution.
While the role of molecular genomics in nursing research and clinical practice is
increasingly recognized (Anderson, Alt-White, Schaa, Boyd, & Kasper, 2015; Blix, 2014;
Leach, Tonkin, Lancastle, & Kirk, 2016; Schutte, 2006; Seibert, 2014; Umberger, Holston,
Hutson, & Pierce, 2013; Williams, Cashion, Shekar, & Ginsburg, 2016), the relevance of
pre-clinical inquiry to nursing practice is not always readily apparent. Still, several published
articles address how these areas of inquiry are germane to nurses working in both research
and clinical practice (Page, 2004; Stanley & Paice, 1997; Tkacs & Thompson, 2006a; Witek-
Janusek, 2004). Within the broader health science research community, a similar
circumstance prevails: the role for nurses in various aspects of pre-clinical research and
subsequent translation efforts is often not recognized or fully appreciated. Despite this
significant gap in awareness, nurses have a rich history of contributing to pre-clinical
research, including serving as: 1) members of the research team, such as principal
investigator (PI), co-investigator (Co-I), or consultant; 2) overseers of pre-clinical research
to ensure it meets ethical and legal standards; and 3) translators of findings to clinical trials,
and ultimately, patient care. Increasing understanding of the genomic underpinnings of
health and disease, which is typically rooted in pre-clinical research, enables clinicians to
better treat patients via precision medicine initiatives.

The primary purpose of this paper is to address the aforementioned gap by highlighting the
varied ways that nurses contribute to pre-clinical research efforts, such as study planning,
approval, and conduct, as well as efforts to translate findings to clinical trials and care. A
secondary aim is to provide nurse scientists interested in conducting animal research with
key considerations relevant to planning and executing animal research studies; in doing so,
helpful resources for further information will be highlighted. Though the secondary aim is
primarily tailored to a nursing research audience, the information may also be relevant to
clinicians in helping them to evaluate the quality of pre-clinical studies. To the authors’
knowledge, this is the first publication to focus on a review of animal models specifically for
nursing research and the roles for nurses engaged in, or otherwise interested in, this type of
work.
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The Role of Nurses

Overview of the Role of Nurses in Animal Research Historically and Contemporarily

Since antiquity, the vast majority of animal research has been conducted by physicians or
bench scientists with training in a scientific discipline outside of nursing (e.g. Biochemistry;
Molecular-Biology; Neuroscience; Anatomy & Physiology). Thus, in 2,500 years of
documented animal research, nurses represent only a minute fraction of the scientists
conducting this type of work. This can be explained partly by the comparatively new nature
of the nursing profession broadly and the even newer role of nurses as scientific
investigators. Given the ultimate concern of nurses is for their patients, many nurse scientists
prefer to use samples drawn directly from the target population. Thus, human subjects
research remains most common in the nursing research portfolio. As previously noted,
though animal models are used in nursing, the number of nurse scientists utilizing them
remains small; nonetheless, it is undeniable that the co-existence of pre-clinical research to
the prevailing clinical studies within the nursing research portfolio serves to strengthen the
nursing knowledge base (Witek-Janusek, 2004). Fortunately, nurses have made — and
continue to make— important contributions using pre-clinical research as Pls, Co-lIs,
consultants, and/or collaborators on animal experiments; nurses also contribute to animal
research in more indirect ways. Each of these will be discussed in detail below, followed by
a selection of exemplar research applications where nurses have contributed to the pre-
clinical knowledge base.

Nurse Clinicians—Nurses in clinical practice have several important roles and
responsibilities in biomedical research and translation to the bedside (Sadler, Lantz,
Fullerton, & Dault, 1999). Nurses often assist with early-phase clinical trials, which are
informed by pre-clinical studies. They may also assist with study design, institutional
review/approval, or interpretation of study findings. In clinical research nurses often assist
with recruitment, delivery of the study drug, and/or data collection, either on their assigned
unit or through additional voluntary or paid experiences. Nurses who specifically seek out
the aforementioned opportunities are often motivated by the unique opportunity to contribute
to cutting-edge research and an over-arching desire to contribute to improvement in patient
outcomes. Some become involved when considering transferring to a nursing position in a
research-intensive setting or when pursuing a research-focused PhD degree in nursing or
another subject area. Others participate in pre-clinical research simply because it is part of
the roles and responsibilities outlined by their employer (e.g. a hospital affiliated with a
research-intensive university).

Beyond direct roles in conducting research, nurses also contribute to pre-clinical research
indirectly. For instance, nurses in medical research promote high-quality studies that meet
existing and evolving ethical and legal standards. Nurses participate on research ethics
boards, study sections of grant-awarding agencies, and editorial boards for scientific
journals. Nurses particularly interested in promoting laboratory animal welfare may elect to
volunteer their time on a research review board such as a university Institutional Animal
Care and Use Committee (IACUC). Nurses have a long-standing reputation as trustworthy
professionals who, through their holistic perspective, are especially in-tune with patients’
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perspectives, needs, and realities; thus, nurse scientists are uniquely well-positioned to help
promote clinical relevance in pre-clinical studies and advance subsequent translation efforts
(Tkacs & Thompson, 2006b). The various means by which nurse clinicians can contribute to
animal research pose opportunities for their own learning and professional development, as
well as leadership and service experiences that could be listed on a resume or curriculum
vitae.

Nurse Scientists—The role of the nurse scientist in pre-clinical research is more
apparent. Nurse scientists serve as PIs, Co-Is, collaborators, and consultants on grant
applications and associated research projects. Three of the primary reasons why nurse
scientists may want to participate in pre-clinical research will be briefly described. First, the
unique strengths of animal models allow scientists to answer a number of health-science
research questions in a way that would not be possible in clinical research (see “Strengths”
heading for additional details). Second, participation in animal research diversifies the
researcher’s skills, which enables him/her to be a more thoughtful consumer of the pre-
clinical knowledge base, and may lead to additional opportunities. Third, inclusion of the
nursing perspective into pre-clinical research as part of a collaborative, trans-disciplinary
research environment strengthens pre-clinical studies through the incorporation of nurses’
unique insights into patient needs, preferences, and experiences.

Nursing Research Applications

In addition to the nursing perspective strengthening the quality of pre-clinical research, it is
also true that pre-clinical research strengthens the nursing science knowledge base (Rowsey,
2015). Animal models allow nurses to address research questions that would be difficult or
impossible to answer via clinical research alone, as described in additional detail under
“Strengths and Limitations.” For these reasons, many nurse scientists have chosen to employ
animal modelsin at least part of their program of research. While the breadth of the
literature is beyond the scope of this review, four key areas of inquiry that nurses have
contributed to implementing animal models will be discussed as exemplars, namely: 1)
evaluating physiology and pathophysiology; 2) studying the genomic underpinnings of
health and disease; 3) testing interventions; and 4) evaluating the effects of environment on
health outcomes. In each category, several exemplar studies with known nursing input will
be briefly described, and the relevance of the knowledge generated for nursing science and
practice highlighted.

Application 1: Evaluating Physiology and Pathophysiology—One of the earliest,
and thus most well-established, applications of pre-clinical research was to explore the
physiology of health and disease/injury. While much of this work has (both historically and
contemporarily) been conducted by physician-researchers and other bench scientists, nurses
have also made contributions to this effort. While not intended to be a comprehensive
review, a few key examples of work in this area that were conducted with one or more nurses
on the team (as evidenced by the author byline on resulting publications) are summarized
below.
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In one study, evidence of paravascular fluid circulation within the central nervous system
(CNS) was identified (Rennels, Gregory, Blaumanis, Fujimoto, & Grady, 1985). In this
study, researchers used microscopic examination of brain tissue harvested from cats and
dogs after injection of a tracer; control over sample collection time (which ranged between
two minutes and four hours after tracer injection) allowed for a temporal examination of
events, which would not be ethical or feasible in humans. Although paravascular fluid
circulation could not have been as definitively studied in humans, this effort has clear
clinical relevance. First, it demonstrated that solutes within the cerebrospinal fluid rapidly
have gain access to the extracellular space (ECS) via microvascular routes; prior to this
study, this fluid exchange was erroneously thought to be solely due to diffusion. The authors
also acknowledge that this work has provided avenues to limit paravascular influx of solutes
(e.g. if this would result in adverse effects in the ECS) by diminishing or totally inhibiting
pulsations (e.g. partial ligation of the brachiocephalic artery). A second study conducted by
three of the researchers on the original study (Blaumanis, Rennels, & Grady, 1990) further
enhanced our understanding of paravascular circulation. This follow-up study examined the
effect of edema on previously reported paravascular transfer (Rennels et al., 1985). Cats
were subjected to a cold lesion model that resulted in vasogenic edema and a tracer was
injected to monitor paravascular circulation. In edematous regions, paravascular transport
was greatly reduced as evidenced by sparse tracer levels in edematous regions. Since edema
is characteristic of many CNS disorders including traumatic brain injury (Unterberg, Stover,
Kress, & Kiening, 2004), stroke (Zheng, Chen, Zhang, & Hu, 2016), meningitis (Citton,
Toldo, Calderone, Sartori, & Manara, 2009), and encephalitis (Lan et al., 2016), this line of
inquiry has potentially far-reaching clinical applications.

A second exemplar of nursing literature investigating physiology/pathophysiology is the
efforts to study the effects of endotoxin exposure. In this line of inquiry, rats were injected
with endotoxin, a type of toxic compound derived from bacterial cell walls. This study could
not be ethnically conducted in a randomized controlled trial in patients, yet such pre-clinical
research has clear clinical relevance since endotoxins are well known to adversely affect
humans similarly to test animals. Findings from these pre-clinical studies suggest that
endotoxin exposure leads to downstream responses including endocrine signaling such as
insulin release, somatostatin, lactate, and the pituitary hormones (Witek-Janusek, 1988;
Yelich & Witek-Janusek, 1994). Since these studies were conducted, the relationship
between endotoxin and hormones has been further validated with human subjects research
conducted by non-nurses (Lira et al., 2012).

Yet another line of nursing inquiry is the examination of pathophysiological changes
associated with stroke (Ritter et al., 2008, 2011) and strategies to target these changes
therapeutically (Funk et al., 2003, 2013; Ruehl et al., 2002). In this context, pre-clinical
models are a fundamental tool which facilitate analysis of brain tissue at specified post-
stroke time points, which would only be possible in humans using less informative non-
invasive methods (e.g. imaging). If researchers were to examine brain tissue after stroke in
humans, the timing of tissue collection post-stroke would vary tremendously, considering
patient death or need for neurosurgery (allowing access to brain tissue) could occur at any
point after injury. This temporal understanding of pathophysiological changes associated
with stroke has relevance to selecting the drug type and regimen. Interestingly, a nurse
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researcher also published a scholarly dialogue paper in Nursing Science Quarterly detailing
the interconnected nature of her pre-clinical mechanistic work and clinical experiences with
this clinical population, followed by a discussion on the topic of nursing as a type of basic
science (Ritter, 2008).

Application 2: Studying Genomic Underpinnings of Health and Disease—
Unsurprisingly, in the genomic era, animal models are commonly used in conjunction with
molecular and genomic research methods. Other studies indirectly explore the effects of
genes by using test animals that have undergone gernnome modification in one or more ways.
There are many examples of nurses who have contributed to molecular genetic research
efforts using animal models. Several noteworthy examples are discussed below.

Identification of genesimplicated in various disorders represents an important line of inquiry
to which nurses have contributed. One study used a genome-wide screen in mice and
identified a novel gene (Ganl) implicated in peripheral neuropathy associated with anti-
retroviral therapy. One implication is that targeting Gan1l or its protein may obviate
neuropathy for individuals taking anti-retrovirals (Dorsey et al., 2009). Moreover, genetic
variation in the form of frameshift and nonsense mutations has been reported for Ganl
(Bomont et al., 2000; Kuhlenbdumer et al., 2002), which may be relevant to precision
medicine initiatives aimed at identifying the best therapeutic regimens for patients with
neuropathy. Another study harnessed the ability of researchers to non-controversially
harness molecular techniques to generate mice that have had a particular gene removed from
the genome, also referred to as a gene being knocked out (KO) (Dorsey et al., 2006). In this
mouse model, KO of the TrkB.T1 receptor was associated with improved outcomes,
including preservation of hippocampal neurons (Dorsey et al., 2006). A follow-up study
using the same stra/n of mice found that KO of the TrkB.T1 receptor is associated with
altered sleep, including increased time spent in REM sleep and reduced sleep continuity
(Watson, Henson, Dorsey, & Frank, 2015). This information may prove relevant to precisely
treating individuals with certain genotypes relevant to sleep disorders.

Gene expression alterations in the context of various conditions have also been explored by
several nurse researchers. For example, expression of the FOS geneis induced in some
infectious diseases and endotoxemia (Tkacs, Li, & Strack, 1997; Tkacs & Li, 1999). In
another study, non-coma hypoglycemia in a rat model was found to be associated with
decreased levels of neuropeptide Y and pro-opiomelanocortin mRNA (Tkacs, Dunn-
Meynell, & Levin, 2000). The aforementioned studies may also lead to precision medicine
initiatives. For example, some patients may benefit from anti-sense therapy, which would
bind to over-expressed mMRNA so that it cannot be translated to protein (Turner, 1997).

Another study evaluated the effects of sixty minutes of inspiratory resistance loading (vs.
sham) in rats administered either dopamine or saline control on gene expression of twenty-
seven known apoptotic proteins (Goodyear-Bruch, Jegathesan, Clancy, & Pierce, 2008). In
the diaphragm, twelve of the proteins were expressed, two of which showed higher
expression after inspiratory resistance loading when receiving dopamine treatment (vs.
saline control). Specifically, superoxide dismutase copper zinc (SOD [CuZn]) and
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proprioceptive event related potential (PERP) were elevated, suggesting dopamine reduces
the apoptotic consequences of this condition (Goodyear-Bruch et al., 2008).

Application 3: Testing Interventions—Of clear relevance to nursing research and
practice is identifying the safest and most effective treatments for the many disease
conditions and symptoms afflicting patients. The early work in this process is traditionally
rooted in animal models to establish basic safety and feasibility before translation to clinical
trials is justified. Thus, it is no surprise that nurse scientists have contributed to animal
model research testing interventions.

One study used a rat model exposed to various fever inducers to test the possible effects of
methyl scopolamine as an anti-pyretic (Rowsey & Gordon, 2000), a best practice before
exploring off-label effects experimentally in humans. In this study, methyl scopolamine (1
mg/kg) was administered intraperitoneally as a single dose. The therapeutic regimen used in
this study was associated with marked reversal in the temperature elevation associated with
stress (handling of the animal and switching the cage), chlorpyrifos (an organophosphate
pesticide), and nocturnal cycles (Rowsey & Gordon, 2000). The same fever mechanisms
were targeted by the known antipyretic sodium salicylate. This study identified a potential
avenue for clinical trials and may also be relevant to identification of adverse effects
regarding thermoregulation on patients taking methyl scopolamine.

Notably, it is not just novel pharmaceuticals that can be tested in pre-clinical models, but
rather a diverse array of therapies. In one study (Bennetts et al., 2014), two fluid
resuscitation formulations (Lactated Ringer (LR) vs. LR + ubiquinol) were tested as a means
of improving outcomes of hemorrhagic shock in rats. Hemorrhagic shock was induced by
removing forty percent of the total blood volume, treatment administered, and animal
monitored for two hours prior to sacrifice. The heart, lungs, kidney, and diaphragm were
harvested and analyzed. The main finding was that hydrogen peroxide levels and apoptotic
proteins were reduced following LR + ubiquinol treatment, suggesting protective effects on
oxidation and cell death (Bennetts et al., 2014).

Application 4: Evaluating the Effects of the Environment on Health Outcomes
—The way environmental and lifestyle factors interact with health can also be easily studied
in animal models. One study examined the effect of exercise on core temperature in a sample
of female rats (Rowsey, Borer, & Kluger, 1993). In this study, exercise was associated with a
higher body temperature both during the period of exercise as well as during rest. A second
goal of this study was to identify the role, if any, of prostaglandin E in the elevated body
temperature reported. To elucidate the role of prostaglandin E, sodium salicylate was
injected in both exercised and sedentary rats; regardless of group, this injection was
associated with a decrease in body temperature, suggesting the increase in body temperature
after exercise is not prostaglandin-mediated.

A second line of inquiry evaluated another aspect of exercise, specifically how it relates to
susceptibility to environmental toxins (Rowsey, Metzger, Carlson, & Gordon, 2003) and
alterations in serum cytokine levels (Rowsey, Metzger, Carlson, & Gordon, 2009). This
study built off the nurse-led team's past work which characterized the hypothermic and
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hyperthermic changes associated with organophosphate pesticide exposure, and factors
associated with tolerance to such effects (Rowsey & Gordon, 1997). Specifically, this study
examined the effects of exercise training (vs. sedentary behavior) on the known
thermoregulatory consequences of chlorpyrifos, which causes an immediate hypothermic
response followed by a temperature spike. Following 8 weeks of exercise or sedentary
behavior, rats were treated with either chlorpyrifos or a control solution administered via
gavage over the course of 4 days. In the exercise group, the first dose of chlorpyrifos did not
cause hypothermia (as it had with the sedentary animals). This study highlights the precise
environmental control afforded by animal models and found that exercise reduced both the
hypothermic and hyperthermic consequences of repeated chlorpyrifos exposure (Rowsey &
Gordon, 1997). The follow-up study (Rowsey, Metzger, Carlson, & Gordon, 2006) further
examined the effect of chronic exercise conditioning on thermoregulation following
exposure to agents known to be pro-inflammatory (e.g. turpentine and lipopolysaccharide).
In this study, female rats were randomized to two activity groups (exercise vs. sedentary)
and engaged in the target activity level for eight weeks before being injected with turpentine,
lipopolysaccharide, or a control solution. Turpentine led to a prolonged low-grade
temperature that was slightly suppressed by exercise training when core temperatures were
assessed during the day (not the night). In the lipopolysaccharide group, exercise training
actually compounded the fever. Taken together, this evidence suggests that the effects of
exercise are different depending on the exposure that leads to fever (Rowsey et al., 2006).

A final example is a study of the effects of maternal alcohol consumption on neonatal
outcomes related to glucose balance (Witek-Janusek, 1986). Clearly, a true experimental
study characterized by group randomization would not be ethically possible in clinical
research, necessitating an animal model. In this study, female rats were placed on a liquid
ethanol diet, an isocaloric liquid diet, or a standard chow diet beginning three weeks prior to
mating and continuing throughout the pregnancy. Once the litters were born, the ethanol-
exposed pups were found to have decreased levels of stored glycogen in the liver. This
change in glycogen levels was associated with higher rates of hypoglycemia in the early
post-natal period, especially when the pups were not fed. Notably, maternal liver glycogen
stores were also decreased when a liquid ethanol diet was consumed (Witek-Janusek, 1986).
This pre-clinical evidence has clinical relevance and likely contributed to the trend over the
last few decades for healthcare providers to recommend restricting alcohol during
pregnancy.

Considerations for Researchers

For nurse scientists interested in conducting pre-clinical research, there are numerous
considerations they must address prior to and during study planning that can greatly affect
the quality of the study. For many nurse scientists, formal educational training surrounding
pre-clinical research design and methodologies is limited, which can complicate the
planning process, particularly when more experienced collaborators are not available.
Important considerations, including overall strengths and limitations of pre-clinical research,
a discussion of the model selection process, a summary of common genomic modifications
and their uses, as well as a discussion of environmental factors that may confound study
findings are described below. This discussion will be tailored to a nurse scientist audience.
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To further assist readers, a summary of available resources relevant to the planning and
conducting pre-clinical research will be provided.

Strengths and Limitations of Pre-Clinical Research

Strengths—Animal models have numerous unique advantages allowing questions to be
answered that would not be feasible, ethical, or even possible in human research. Arguably
the greatest strength and most critical use of animal models is to garner fundamental
information related to the safety of interventions and products (e.g. cosmetics) before
application to humans. Another strength is the ability to collect long-term data without
significant risk of sample attrition since test subjects are housed by researchers and
monitored by veterinarians. Also, the shorter lifespan of animals enables a researcher to
track the natural history of a disease or injury from the time of onset until death (if desired),
which would be exceedingly more complicated in humans. Similarly, the ability to euthanize
test animals at controlled times allows researchers to study the time course of
pathophysiological changes associated with various conditions.

Another advantage of pre-clinical studies is that biological changes that underlie diseases
and injury can be studied readily and directly. Consider a researcher trying to understand the
effects of ischemic stroke on the functional tissue (parenchyma) of the brain. Extensively
characterizing the effects of stroke on human brain tissue would only be possible post-
mortem; moreover, since the time between stroke onset and death can range from seconds to
years, it would be difficult to develop a clear understanding of the typical sequence of
events. Without animal models, researchers would have to depend on indirect measures as a
proxy for the state of the brain (e.g. functional magnetic resonance imaging [fMRI] or
screening for serum biomarkers), which may obscure scientific understanding of the
pathophysiology of various conditions. Using pre-clinical models, brain tissue is readily
available and animals can be sacrificed by standardized methods for tissue processing at
precisely controlled time points.

Beyond the types of questions that can be addressed in animal models, there are other
strengths worth noting. First, animals share many similar features with humans, both
biologically and behaviorally. It is very likely that if a researcher is interested in some aspect
of the human experience (e.g. learning; depression; substance abuse), there exists one or
more animal models available that is a good representation of the pathophysiology or
behavior of interest, along with at least one established way to measure it. Another asset of
animal models is that they are always improving. In recent years, genetic manipulations have
routinely been made to the genome of animals; humanization efforts result in test animals
that better model a clinical condition. Recently, a mouse mode/ was developed that resulted
in human-like albumin production; this model has implications for preclinical drug studies,
since albumin is a possible drug delivery vehicle (Low & Wiles, 2016). In addition to the
genetic manipulations possible, there are many other practical advantages, since the test
animals’ age, sex, diet, environment, and other factors can be more tightly controlled. Also
worth noting is that while animal research presents its own set of ethical and legal
considerations (described under the heading entitled “Summary of Ethical and Legal
Considerations for Pre-Clinical Research”), generally there are less ethical and legal
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concerns for pre-clinical research than there are for clinical trials. Ultimately, as the body of
pre-clinical evidence grows additional avenues of clinical research become available.
Notably, not all animal studies warrant extension to human studies; rather, critical evaluation
of a large body of research is necessary. Indeed, it is clear that humans benefit in many ways
from animal research; according to a poster published by the Foundation for Biomedical
Research using data from the U.S. Department of Health and Human Services, the human
life span has increased 20.8 years as a result of animal research and subsequent healthcare
advances (Foundation for Biomedical Research, 2006).

Limitations—While animal models play an important role in advancing nursing research
and the broader health sciences knowledge base, there are several notable limitations. First
and foremost, while common animal models share important similarities of humans, no pre-
clinical model perfectly represents all aspects of the complex human experience. Moreover,
for any condition of interest, the combination of the animal used (species; strain; sex; etc.)
and the method employed to induce the disease or condition of interest (assuming it does not
naturally occur in the test animal) must be carefully decided upon, and a misguided choice
could obscure the researchers’ ability to address the research question adequately. There
may be several techniques available to induce the condition of interest in the test animal, and
each may mimic certain aspects of the pathophysiological and behavioral consequences
while not reliably simulating others. Finally, there are some human conditions for which no
animal model is available. For instance, rare (aka “orphan”) disorders (e.g. Zechi-Ceide
syndrome) may have no available animal model (Weizmann Institute of Sciences, 2015).
However, rare conditions are also challenging to study clinically due to low population sizes
and subsequently small samples, which limits study power. Advancements in the scientific
knowledge base and genomic technologies mean that new models may become available.

A second broad-scale concern ironically stems from the high degree of control that
inherently strengthens animal research. While exacting control helps to reduce confounding
effects when collecting early evidence, the control characteristic of most animal studies is
very dissimilar to what is seen in clinical research. Indeed, clinical trials and subsequent
translation efforts are often complicated by the heterogeneity of clinical populations with
respect to factors including, but not limited to, age, sex, genotype, and diet. Thus, when a
drug is effective in all male mice of a narrow age range, it may not be easily translatable to a
diverse clinical sample. Thus, generalizability of pre-clinical research is limited,
necessitating accumulation of evidence across several studies. In response, leaders in the
research community and funding agencies alike have highlighted the need to diversify
samples in pre-clinical studies. Moreover, while a high degree of control is often planned in
studies, there are many potential confounders that can accidentally be introduced to the
study (see “Unintended Consequences and Confounders” heading). Finally, one must
balance the ethical considerations of adequately vetting a therapy in pre-clinical models with
the concern of prolonging pre-clinical trials to the extent that humans are not benefitting
from the research.

Beyond these broad limitations, there are also several specific, practical limitations of animal
research. This type of work requires special facilities (e.g. vivarium) and highly specialized
equipment as well as staff trained in how to work safely and ethically with animals. Even
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when best practices are strictly adhered to, there is the potential of harm or suffering to the
animal. Similarly, working with animals poses an inherent risk to the researcher, including
the risk of being bitten or exposed to a zoonotic illness that the test animal carries. Of
additional concern is that housing, husbandry, and experimentation on animals can be quite
expensive. Typically housing costs are paid per day, per cage and some animals need to be
housed singly due to size or temperament (e.g. C57BL/6 mice are known to be aggressive).
Still, it is notable that many pre-clinical studies are less expensive than clinical research,
particularly when the cost of participant reimbursement is high or sophisticated molecular-
genetic analysis is performed.

Model Selection

The most important decision when using an animal model is determining which model is
most appropriate to meet the research goals. For example, if complex neurological functions
such as memory and learning are of interest, mammals whose brains are more similar to
humans are preferred over lower vertebrates and invertebrates with drastically different
neurological structures. Typically, the extent of genotypic similarity to that of humans is of
interest when choosing experimental models. Many animal gernomes have been sequenced
and analyzed, allowing quantitative comparison between humans and model organisms with
respect to number of nucleotides, chromosomes, genes, and proteins. The percent of the
genomethat is protein-coding, extent of homology with human genes, or presence/absence
of a human gene of interest (e.g. KO or knockin [KI1]) can also be considered as part of
model selection. Moreover, the phenotype of interest is often used to guide model selection.
For instance, when evaluating the effect of an antihypertensive drug, the researchers may
choose an animal mode/that is taxonomically close to humans vs. a cold-blooded or
invertebrate model due to the similarity of cardiac and circulatory systems in mammals.

When certain types of common laboratory animals (e.g. mice) are used, model selection also
includes deliberation between many available strains, each with their respective set of
substrains, each strainand substrain has unique physiological and behavioral characteristics
to consider. For instance, researchers testing anti-hypertensive drugs may select BPH/2 mice
which have average blood pressures of approximately 145 mmHg, a full 25 mmHg higher
than the most commonly used strain C57BL/6 (The Jackson Laboratory, 2013). If the
researchers are interested in the effect of a gene, they may search for a strain characterized
by a hallmark mutation of interest. Mice are commonly used to study alcoholism, because
some strains (e.g. C57BL/6) show a high preference for alcohol (McClearn & Rodgers,
1961), which has been associated with specific genetic /oci (Melo, Shendure, Pociask, &
Silver, 1996). Recently, C57BL/6 mice were used to study the effects of maternal binge
drinking on functional outcomes in their offspring (Wagner, Zhou, & Goodlett, 2014).

Choice of a biologically relevant model includes ensuring that the controls are appropriate.
If using a substrain of mice derived from a commercially available strain, a general rule of
thumb is that the main strain can be considered a suitable control for your substrain if the
substrain has been maintained through strict inbreeding for at least five generations. It is also
relevant to consider whether controls possess any histopathological or behavioral
characteristics likely to confound study findings. C57BL/6 mice are prone to age-related
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hearing loss starting around ten months, with subsequent degeneration of the Organ of Corti
(Li & Hultcrantz, 1994); this hearing loss would confound studying functional outcomes
(e.g. fear; cognition; beam walking) in old age using tests that require an auditory cue (e.g.
white noise machine). Resources for appropriate selection of a model, strain, and substrain
are described later (Table 2).

It is worth noting that some human health disorders may have no single model that fully
represents the disease pathology. For example, for type 2 diabetes, there are several available
models, each capturing one or more important aspects of the disease. Similarly, traumatic
brain injury (TBI) is characterized by complex physiological and behavioral symptoms
which persist chronically; however, outcomes vary widely across models, with some injury
inductions producing more focal effects and others producing more diffuse effects.
Researchers should carefully consider the outcomes of interest when choosing a model. It is
also important that researchers report the details of the model (species; strain, substrain,
vendor; etc.) in their publications; this not only enables replication of the study by
independent researchers, but also facilitates comparison of study findings with those
previously published in the literature.

Common Genomic Modifications

Modification (either reversible or permanent) to the genomes of animals has been well-
established and represents a common avenue for research. Most notable are the efforts to
humanize animals to further enhance the clinical relevance of pre-clinical studies. While
there are many types of genetic manipulations in use, and commercially available transgenic
animals, this introductory article will focus only on four common modifications: knockout
(KO), knockin (KI), conditional (i.e. inducible) mutations and gene editing.

Researchers can use KO models to determine the role of a gene, gene products (i.e. protein),
or the consequences of a loss-of-function mutation in a genein one or both chromosomal
copies (LePage & Conlon, 2006). Thus, researchers can identify the effects of a homozygous
and/or heterozygous mutant genotype(s) on one or more histopathological or behavioral
outcomes of interest. This is especially useful when the gene being knocked out is conserved
across species and also found in humans. In some cases, especially autosomal dominant
conditions, a homozygous mutant genotype is fatal before birth, necessitating the use of a
heterozygous KO to accurately study the disease. In other cases, heterozygous KO animals
are chosen because a iomozygous genotype causes severely impaired development of the
animal to the extent that it would interfere with experimental goals. Conversely, researchers
may choose a KI model when the goal is to insert a gene at a particular /ocus within the
genome. KI models insert complementary deoxyribonucleic acid (cDNA) at specific
chromosomal /oci, typically to create a novel disease model or further humanize a test
animal. Researchers can also use Kl animals to evaluate the role of the regulatory machinery
(e.g. promoter regions, enhancer regions) that control gene expression.

Conditional mutations are mutant alle/es that cause a change in phenotype from the normal
wild-type animal only when exposed to certain environmental conditions or stimuli (e.g. a
diet rich in some nutrient, high temperatures). For example, as seen in sickle cell anemia,
carriers of the genotype may experience a change in phenotype that is conditionally

Appl Nurs Res. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osier et al.

Page 13

dependent upon environmental factors such as exposure to cold temperatures, low oxygen,
or other restrictive conditions. Animals with conditional mutations are useful to researchers
interested in studying disorders that occur later in life; such medical conditions are difficult
to study using KI/KO maodels, since addition/deletion of genetic material often causes
premature death. Conditional mutants are applied to identify crucial developmental gene
expression events by exposing animals to restrictive conditions at various time points and
observing the consequences.

In vivo gene editing represents a new horizon for animal research and, in some international
research communities, clinical research. Largely, the prospects of gene editing in humans
remains highly controversial (Hampton, 2016), though research is gaining momentum
(Callaway, 2016). To date, the most popular method of /n vivo gene editing remains the
CRISPR-Cas system (Ledford, 2016). Despite the ethical and technical considerations
surrounding human gene editing, in animal models /77 vivo gene editing is currently an area
of rapid research development. For example, gene editing techniques have been used to
improve outcomes of muscular dystrophy in mice (Long et al., 2016; Nelson et al., 2016).
These techniques have also been used as a simple way to screen human gene loss-of-
function (Bhattacharya, Marfo, Li, Lane, & Khokha, 2015).

Unintended consequences and confounders

There are several mundane aspects of experimental design that could potentially confound
study findings, including housing (e.g. cage type; presence of nestlets/toys/etc.; light/dark
cycle), diet (food type; quantity/access) and husbandry. At a minimum, these choices should
be informed by a thorough review of the literature. Whenever possible, pilot testing should
further determine the best environmental exposure selection.

It is also important to note that in many instances, total control over environmental factors is
not possible. Often, studies allow test animals ad libitum (i.e. free, unlimited) access to chow
and water. In these cases, it is inevitable that different test animals have different overall
intake of food and/or water.

Depending on the experimental procedures, other potential confounders may be introduced.
For example, when animals undergo anesthesia, the effects of the agent used on study
outcomes should be considered; as an example, isoflurane is associated with neuroprotection
(Statler et al., 2000, 2006). Researchers should pay careful attention to potential
consequences of experimental procedures and make efforts to reduce their confounding
effects.

Resources Available

Researchers should identify and utilize available resources at their institutions. Departments
overseeing animal studies may offer training opportunities in research methodologies and
responsible conduct of research. Research institutions may also offer other assistance such
as shared animal research space, tissue banks, and pilot funding. Furthermore, researchers
should carefully consider the available budget, taking into account the anticipated costs of
animal acquisition, housing and husbandry, personnel, equipment and supplies. With respect
to obtaining test animals, some institutions maintain colonies of one or more species. For
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those who need to acquire test animals from outside the institution, there are many
commercial sources. Researchers using mouse models can utilize the many national and
international repositories outlined in the International Mouse Strain Resource
(www.findmice.org), many of which are highlighted in Table 2. For other species of test
animals, there are also resources available as summarized in previous publications
(Mashimo & Serikawa, 2009; Matthews, Kaufman, & Gelbart, 2005; Smith, 2012). Notably,
commercial suppliers of test animals often offer literature, webinars, and other guidance.
Regardless of species, researchers are encouraged to learn as much about the test animal as
possible.

Summary of Ethical and Legal Considerations for Pre-Clinical Research

As mentioned previously, some studies that would not be ethically acceptable or otherwise
feasible in human subjects research may be possible using animal models. However, similar
to human research, maintaining the highest ethical standards is of utmost importance when
conducting animal research. Researchers working with animals should follow institutional
and governmental guidelines, all relevant laws (e.g. Animal Welfare Act, 1966) as well as
employ the best practices outlined in the Guide for the Care and Use of Laboratory Animals
(National Research Council, 2010). Moreover, all experimental procedures must be
approved by the Institutional Animal Care and Use Committee (IACUC) and strictly
adhered to.

The effort to conduct ethical pre-clinical research includes: 1) selecting the least sentient
animal possible to adequately address the research questions; 2) keeping the sample size to
an absolute minimum as informed by available evidence and, when possible; and 3)
conducting a power analysis. Studies should be designed to minimize pain and suffering.
When experimental procedures are likely to induce appreciable pain, anesthesia or analgesia
should be used, unless otherwise approved by the IACUC or other pertinent regulatory
agency. At the end of the research study, animals should be humanely euthanized if
warranted.

It is also worth acknowledging that there are some ethical concerns that over-use or over-
reliance on animal models. For example, there is some risk in testing an intervention in
animals for a prolonged period of time may delay translation and improvements in patient
care. This is concerning given that translation from research to practice typically follows a
lag time of 17 years (Morris, Wooding, & Grant, 2011). Moreover, for conditions with no
United States Food and Drug Administration (FDA)-approved drugs (e.g. traumatic brain
injury), this may mean patients remain largely hopeless. Conversely, prolonged animal
studies are useful in identifying long-term complications of a therapy and reducing the
adverse effects experienced by patients.

Closing Remarks

The ultimate goal of animal research in the molecular genomic era is to enhance human
health and quality of life via improved understanding of disease, development of therapies,
and application of novel genetic technologies. This goal is consistent with the overarching
goals of nursing science, specifically to enhance understanding of unmet patient needs as
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well as design, test, and translate interventions to address the problems faced by patients.
Depending on the clinical population and body of research evidence available, the state of
the science may be anywhere from preliminary basic science studies to translation of
findings to clinical care; thus, nursing science is strengthened by a diverse research portfolio
including both pre-clinical and clinical inquiry (Page, 2004; Rodgers & Anderko, 2004;
Witek-Janusek, 2004). In addition to nurses’ many contributions to the clinical research
knowledge base, nurses have also contributed to pre-clinical research targeting a number of
health conditions and symptom phenotypes (Bond, Heitkemper, & Bailey, 1998; Briones,
Therrien, & Metzger, 2000; Dorr et al., 2001; Frazier, Moser, & Stone, 2001; Holden &
Naleway, 2001; Holden & Therrien, 2000; Kasper, McNulty, Otto, & Thomas, 1993; Landis
& Whitney, 1997; McCarthy, 2000; Page, Blakely, & Ben-Eliyahu, 2001; Stanley & Paice,
1997; Witek-Janusek & Ratmeyer, 1991). Many of these studies have evaluated molecular-
genomic factors underlying health, disease, and injury recovery.

Nursing science, and health science research more broadly, is strengthened by nurses’
unique ability to gain patient trust and subsequent insight into their lives, perceptions, and
care needs. Thus, the inclusion of the nursing perspective enhances the design of pre-clinical
studies by promoting selection of more clinically relevant variables likely to be key
contributors to patient wellbeing and quality of life. As multi- and trans-disciplinary teams
are becoming increasingly common, nurses should embrace opportunities to conduct and
participate in animal research. In other words, the climate is right for nurse scientists to
further establish themselves as leaders and key contributors to pre-clinical research. Funding
agencies within the National Institutes of Health, including the National Institute of Nursing
Research (NINR), in addition to other professional nursing organizations encourage and
support pre-clinical studies. Among the studies funded are many collaborative research
projects with nurses as PI's or dual-discipline co-investigators (co-Is). Moreover, many
schools of nursing are becoming home to nurse scientists and other researchers using pre-
clinical models in their work, and several schools have in-house pre-clinical research space
for housing test animals and completing study activities.

Overall, nurses continue to make important contributions to animal research by applying
pre-clinical methodologies, reviewing journal articles, being members of ethics review
boards, and participating in study sections for granting agencies. Nurses in clinical practice
assist with the efforts to translate findings from animal research to the bedside. As the
prospects of using pharmacogenomics knowledge to inform precision medicine become
increasingly possible, the applications of pre-clinical research will become even more
quintessential. Recently, the research community has shown strong interest in how animal
models can be applied to advance nursing science, and ultimately be translated to nursing
practice (Holtzclaw & Hanneman, 2002; Kasper, 2013; Schumacher, 2010; Tkacs &
Thompson, 2006b). The research community at large touts a seasoned history of using
animal models to make substantial contributions to the understanding and treatment of a
plethora of human health conditions. While the intersection of nursing science with
preclinical animal models is relatively new, it represents a promising, robust, and growing
area of research.
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Table 1
Glossary
Term Definition
Allele A specific version of a given gene. For some genes, there may be one or more allele(s) associated with a
change in phenotype (e.g. disease risk) compared to the normal version of the gene (i.e. wildtype allele).
For other genes there may be variation as evidenced by two or more alleles in the population, but there are
no known resulting differences in phenotype.
Note: Each individual has two alleles for each gene (because humans have 23 pairs of chromosomes, with
one member of each pair inherited from their mother and the other from their father). In some cases, one
copy of a particular allele results in the associated phenotype, while in other cases two copies of the allele
are needed to produce the phenotype
Animal model A non-human animal used to study a clinical problem in biomedical research that shares similar

physiological and/or functional characteristics with humans of a particular clinical population. In some
instances, the species used is already afflicted by a disease common to humans, and other times, a clinical
condition is mimicked in animals as part of the experimental procedures. Animal models are used when a
question could not be practically, ethically, or safety studied in humans, and they may lay the groundwork
for future clinical inquiry and changes in practice.

Autosomal dominant

A pattern of trait inheritance where the given phenotype results when the individual possesses at least one
copy of the associated allele, which exists on one of the autosomes (i.e. a numbered chromosome, not the
X or'Y chromosome). This is in contrast to autosomal recessive conditions, which require 2 copies of the
associated allele for the individual to display the phenotype.

Chromosome

A condensed package of DNA found within the nucleus of a cell. Humans have 46 chromosomes in 23
pairs (with one member of each pair coming from each parent). Other types of animals have different
numbers of chromosomes. There are two major types of chromosomes: autosomes (numbered
chromosomes; 1-22 in humans) and sex chromosomes (X and Y).

Complementary
deoxyribonucleic acid (cDNA)

A laboratory-produced doubled stranded DNA molecule. In the context of animal models, cDNA is often
used to modify the genomes of test animals, as is the case when generating a knockin animal.

Deoxyribonucleic Acid (DNA)

The scientific name for the molecule that contains the genetic information coding for all the proteins
comprising a given organism. DNA molecules are double stranded molecules wound together in the form
of a double helix.

Conditional (i.e. inducible)
mutation

When a given genotype for a particular gene only results in the phenotype of interest under certain
environmental conditions. For example, individuals with sickle cell disease only exhibit symptoms of the
condition under restrictive environments (e.g. cold; low oxygen; emotional stress).

Gene A stretch of DNA encoding some trait or protein of interest. Genes are passed on from parents to offspring
in the sperm and egg, which contain chromosomes; each chromosome has many genes along it.

Gene Expression The process of producing a protein using the code contained in the DNA. Each set of 3 DNA bases
corresponds to a particular amino acid; consecutive amino acids are strung together as a polypeptide, also
known as a protein.

Genome The full set of genetic information for a given organism. Each cell in the organism possesses the full
genome within it, mostly in the nucleus (which contains chromosomes), and to a lesser extent in extra-
chromosomal mitochondrial DNA.

Genetics Using scientific techniques to study a particular gene or set of genes.

Genomics Using scientific techniques to study the entire genome of an organism as opposed to a single gene or small
set of related genes (i.e. genetics).

Genotype The collection of genes possessed by an individual organism that directs protein production and ultimately
affects the individual's observable traits (i.e. phenotype).

Note: depending on the context, sometimes the term is used to describe the composition of alleles that an
individual possesses for a particular gene in the genome.

Heterozygous An individual who has two different alleles for a particular gene, having received different versions from
their mother and father.

Homozygous An individual who has two of the same alleles for a particular gene, having received identical versions
from their mother and father.

In Vitro A process that happens outside of a living organism. The term literally translates to “in glass” because in
vitro experiments often happen in in a Petri dish or test tube.

In Vivo A process that happens inside of a living organism. The term literally translates to “in life” because in vivo

processes occur within a human organism or other animal.

Appl Nurs Res. Author manuscript; available in PMC 2017 November 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Osier et al. Page 22

Term Definition

Knockin Use of molecular genomic techniques to add genetic information to an organism. This is often done as part
of the effort to humanize a test animal to better mimic a clinical population.

Knockout Use of molecular genomic techniques to remove genetic information from an organism or make the copy
non-functional.

Locus/loci The physical location of a particular gene or stretch of genetic material along a chromosome. When more
than one locus is being referred to, they are called “loci.”

Mouse model Use of a mouse to study a condition that affects humans; a specific type of animal model.

Nucleotide The most fundamental building block of genetic material (e.g. DNA). Nucleotides have 3 components, a

sugar (ribose or deoxyribose), a phosphate group, and a nitrogen-containing base (adenine, guanine,
thymine, cytosine, and uracil).

Pharmacogenomics

The intersection of genomic information and pharmacology. Applications include identifying the correct
therapeutic regimen based on a patient's genotype and correlating drug response with genotype.

Phenotype

The traits that can be observed or measured in an individual (e.g. hair color; disease presence/absence;
height). The phenotype is produced by the genotype when the gene(s) involved are expressed into
protein(s); there may also be an impact of environmental factors (e.g. diet; exercise; sun-exposure) on
phenotype.

Strain

A population of test animals that are genetically uniform as a result of inbreeding or genetic engineering.

Substrain

A subpopulation of a strain of test animals, uniquely characterized because they have some distinguishing
feature from the parent strain, usually as the result of genetic changes that accumulate over several
generations of breeding.

Transgenic

A transgenic animal is one who has had DNA from another source inserted into its genome using
laboratory techniques.
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Table 2
Resources
Resource Name Sponsor/Source Description URL

Mouse Genome | nformatics

The Jackson Laboratory with
data contributed form several
well-known research groups

International
database
providing a
wealth of data
(e.g. genetic,
genomic,
biological,
phenotypic)
about
laboratory
mice used in
biomedical
research.
Selected
resources
include a
glossary, a
wealth of
readings, data,
and other
downloadable
resources.

www.informatics.jax.org

International Mouse Strain
Resource

IMSR funded by National
Institutes of Health (NTH)

A database
that assists
researchers
with acquiring
information
about mice of
various strains
including
sources of
these mice for
use in
research.

www.findmice.org

UCSC Mouse Genome
Browser

Genome Bioinformatics Group
of UC Santa Cruz

Complete
mouse genome
information
for the most
commonly
used strain of
mice in
biomedical
research
(C57BL/6).
Note: genomes
of other
species of
animal are also
available
through the
genome
browser,
though the link
provided is for
the mouse
browser
specifically.

http://genome.ucsc.edu/cgi-bin/hgGateway?org=mouse

Mammalian Gene Collection

NIH

Validated
sequence
information in
a convenient,
searchable
form. Note:
also includes
genomic
sequence

http://genecollections.nci.nih.gov/MGC/
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Data

website that
provide global
mouse
assembly
statistics and
data for mice
with periodic
reviews and
patch releases
of data. Note:
also contains
genomic
reference
information
for human,
zebrafish, and
chicken.

Resource Name Sponsor/Source Description URL
information
for human, rat,
and cow.
Mouse Genome Assembly Genome Reference Consortium  Searchable https://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/mouse/data/

Mouse Genomes Project Wellcome Trust (WT); Sanger

Institute

Provides data
and complete
sequence
information
for many
inbred strains
of mice used
in biomedical
research.
There is also a
mouse genome
variant
querying site.
Sequencing
reads, variants,
and assembled
genome
sequences are
published on
this site. With
permission,
researchers
can download
data and use it
for analysis
and
publication.

http://www.sanger.ac.uk/resources/mouse/genomes/

NIH in collaboration between
the Jackson Laboratory, Baylor
College of Medicine, the
University of California Davis,
and others

Knockout Mouse
Phenotyping Project

Provides a
functional
catalog of a
mammalian
genome
through
systematic
generation and
phenotyping
of 20,000
knockout
strains. The
website
provides
searchable
genotype and

phenotype
information.

http://www.mousephenotype.org/

Current Lab Codes Institute for Laboratory Animal

Research (ILAR)

International
registry of
laboratory
codes

http://dels.nas.edu/global/ilar/Lab-Codes
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Resource Name Sponsor/Source

Description

URL

indicating the
institute,
laboratory, or
investigator
where a
particular
strain of test
animal was
produced
and/or is
maintained. In
addition to
strains,
substrains,
congenic
strains, other
distinguishable
groups of
strains, DNA
loci, specific
mutations, and
other
chromosomal
aberrations
may have a
laboratory
code.

Knockout Mouse Project UC Davis
(KOMP) Repository

The ultimate
goal isa
comprehensive
resource that is
publically
available and
comprises
mouse
embryonic
stem cells that
have knocked
out genes of
each and every
gene in the
mouse
genome. The
repository is
updated
regularly,
following
acquisition of
new vectors,
cell lines, and
live mice.

https://www.komp.org/

European Nucleotide Archive  European Molecular Biology
Laboratory, Seventh
Framework Programme of the
European Commission, the
British Biotechnology &
Biological Sciences Research
Council, and the WT

Provides a
comprehensive
guide to
nucleotide
sequencing
information
which covers
sequence
assembly
information,
raw data
generated
during
sequencing,
and also
functional
annotation.

http://www.ebi.ac.uk/ena

Mutant Mouse Resource NIH
Research Centers (MMRRC)

A national
network of
mouse

https://www.mmrrc.org/
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Resource Name

Sponsor/Source Description URL

breeding and
distribution
facilities
dedicated to
being a high-
quality
repository of
mouse strains,
including
many that are
not
commercially
available.
Researchers
can also
donate to this
resource as
part of their
obligation to
share grant-
funded
resources (if
applicable).
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