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ABSTRACT

Determining the health impacts of a nutritional regimen, suspected toxicant or
other treatment is often a difficult task in both the realms of safety assessment and basic
research. There are far too many examples of agents, once considered safe, found later
through epidemiology (or other means) to cause adverse health effects. To prevent such
experimentation on ourselves there is a great societal need for broad, sensitive assays able
to detect toxicity at human-relevant exposure levels. Similarly, basic researchers often
lack the experimental tools necessary to determine if a treatment adversely impacts the
health of their model organism. We argue that these problems can be partially solved by
using house mice in the crucible of their natural setting where they are challenged daily
by the very tasks that have shaped them for millennia. Quantifying the lifelong fitness of
experimentally treated animals directly competing with control individuals offers a
sensitive and broad approach for detecting adverse health effects. We refer to this
approach as an Organismal Performance Assay (OPA). To illustrate the effectiveness of
OPAs, herein we apply them for detecting adverse health consequences of nutritional and
toxic exposures. First, using OPAs we capture adverse health impacts (decreased
survival, competitive ability and reproduction) from consuming 12.5% kcal of fructose;
this finding now represent the lowest observed adverse effect level for dietary fructose.
Next, we apply OPAs to determine if differential health impacts occur due to the
consumption of one, or the other, of the two common types of added sugar, high fructose

corn syrup (fructose and glucose monosaccharides) or table sugar (sucrose, which is a



disaccharide of fructose and glucose), and show that the high fructose corn syrup diet
increases mortality and decreases reproduction of female mice compared to sucrose,
providing the first experimental evidence that the two most common forms of caloric
sweeteners have differential health impacts. Next, we use OPAs to determine if an acute
exposure to 3mg/kg of amine-terminated generation seven poly amido-amine dendrimers,
the current maximum tolerated dose, is actually toxic and find that it is not. Finally, to
address the criticism that OPAs do not lead to the underlying mechanisms of observed
organismal outcomes, we illustrate the discovery of the molecular basis of the first
phenomenon revealed using OPAs, major histocompatibility complex (MHC)-based
mating preferences, which is done in the context of a review paper on the role of MHC

during social communication.
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CHAPTER 1

USING ORGANISMAL PERFORMANCE DURING
NATURAL CHALLENGES TO DETECT
ADVERSE HEALTH EFFECTS
FROM ENVIORNMENTAL

EXPOSURES

Abstract

Determining the health impacts of a nutritional regimen, suspected toxicant or
other treatment is often a difficult task in both the realms of safety assessment and basic
research. There are far too many examples of agents, once considered safe, that are found
later through epidemiology to cause adverse health effects. To prevent such widespread
experimentation on ourselves and other animals there is a great societal need for broad,
sensitive assays able to detect toxicity at relevant exposure levels. Similarly, basic
researchers often lack the experimental tools necessary to determine if a treatment
adversely impacts the health of their model organism. Examples include geneticists who
knock-out genes and see no phenotype, or physiologists whose treatment causes
numerous changes in gene expression; although it is seldom clear if these changes are
adverse. We argue that these problems can be partially solved by using classic animal
models (e.g., house mice) in the crucible of their natural setting where they are

challenged daily by the very tasks that have shaped them for millennia. Quantifying the



lifelong fitness (and key components thereof) of experimentally treated animals directly
competing with control individuals appears to offer a sensitive and broad approach for

detecting adverse health effects.

Environmental impacts on disease

The importance of the role of the social and physical environment on the
induction and elucidation of human disease is well established. Examples are numerous
and include, but are not limited to, the role of stress in cardiovascular disease, mortality
due to heart malformations manifesting themselves during student athletics, and
asthmatic conditions brought on by exercise (1-3). The question begs itself, if we know
that the social and physical environment is key in both exacerbating and revealing human
diseases then why do we ignore the potential influences of environment when conducting
animal safety research?

Typically, animal subjects are maintained under artificial conditions that do not
reflect the natural environments that forged them into existence through natural selection.
In essence, to study animals in these conditions is akin to studying people in an asocial
environment in which they do not exert themselves, do not encounter hardships and have
ad libitum access to well formulated food. When a substance is declared safe, ideally it is
safe while practicing a typical vigorous, stressful lifestyle, not simply safe in a setting
devoid of challenge. Could the failure to provide natural or seminatural environments for
our laboratory animals increase the likelihood that they provide us with misinformation
concerning the adversity of experimental treatments?

When comparing concordance rates between human and animal studies a certain

degree of discrepancy is to be expected, but what is the cause of this disparity? Typically



this question is answered by species-based differences in genetics and physiology, and
though these differences are real it seems unlikely that they account for the entire
explanation. Currently, concordance rates for pharmaceutical safety assessment between
rodents and humans are 43% and when rodent plus a nonrodent models are combined
concordance increases to 71% (4). Pharmaceutical concordance rates are equally split
between false-negatives and false-positive and they are artificially low compared to other
environmental exposures as most overtly toxic substances are not considered as potential
therapeutic agents. Pharmaceutical concordance rates are arguably the best tracked, but
discrepancies in concordance exist in toxicology and nutrition as well. In toxicology they
are generally assumed to be approximately 80% for humans and rodents (5). When we
compare animal data to that generated from human studies we have changed two major
variables, one of course being the species, but the other is the environment in which that
organism dwells. Therefore, if we would like to increase the power and translatability of
animal research a key first step is recognizing and incorporating the role of a
representative natural environment.

For decades research groups studying animal behavior, ecology and evolution
have used seminatural environments in many animal model systems of biomedical
importance including macaques, mice, and pigs, but few researchers have used such
systems in the applied fields of biomedicine, nutrition, pharmaceutics and toxicology (6-
10). There are notable examples, however, in the areas of feeding psychology and
addiction (11, 12). Though there is general applicability in creating more naturalistic
settings for many species, the specific alterations and considerations for any given

species will be unique. Therefore, though we advocate for numerous animal models to



incorporate more realistic environments we will specifically address the house mouse

(Mus musculus) system, which is the best developed.

Organismal performance assays

We refer to our methodology as an Organismal Performance Assay (OPA). OPAs
use wild house mice in seminatural enclosures where mice treated with a potential
toxicant or other experimental manipulation compete directly with control animals. OPAs
achieve their sensitivity and breadth because high performance from most physiological
systems is required for individual success as determined by survival, social dominance,
reproduction and a variety of other components of fitness. Consequently, any health
declines that reduce performance of any physiological system (e.g., cardiovascular,
neurological, or metabolic) are likely to be detected by OPAs and no apriori assumption
about the target organ or mechanism of toxicity has to be made. OPAs are defined as
sensitive phenotyping approaches that use seminatural conditions to challenge the
physiological performance of control and experimental animals in direct competition with
each other. The relative success of control and experimental animals can be compared for
any measurable components of fitness, allowing detection and quantification of any
reduced performance due to treatment.

The design of OPA enclosures is based on the preference of house mice to
maintain territories that include isolated, dark, nest sites that offer protection from
predators and infanticidal conspecifics (13-15). OPA enclosures measure about 5m by 7m
(35m2), but dimensions could vary. Each pen is subdivided into six subsections by
hardware cloth, which provides spatial complexity. Each subsection has food and water

that is associated with a set of nest boxes in either one of four “optimal” territories, which



contain nest boxes in enclosed structures or two “suboptimal” territories with nest boxes
in the open. Together, the hardware fences and the two types of nest boxes create
environmental complexity in which mice establish nesting sites, territorial boundaries and
social hierarchies. OPA enclosures mimic habitat and social environments experienced
by mice in nature, and the population density is representative of measurements from
wild populations (16).

OPAs have been previously used to quantify adverse consequences associated
with cousin and sibling-level inbreeding as well as bearing the selfish genetic element
known as the t complex (17-19). The primary cause of inbreeding depression is
deleterious recessive alleles that are expressed at a higher rate in inbred individuals, and
though these negative consequences have been known for centuries actual fitness effects
were less clear (20). Two major studies were conducted on mice indicating that the
consequences of full-sibling mating are a 10% decline in litter size (21, 22). Further
studies were conducted on the surviving inbred offspring, but these mice performed
similar to outbred controls. We conducted OPAs on these seemingly normal inbred
progeny by competing them against outbred controls and discovered an additional 500%
decline in male reproduction (18). We have repeated these experiments at the level of
cousin unions and OPAs revealed that this level of inbreeding reduced male fitness by
34%, challenging clinical claims that health effects from cousin-level inbreeding are
tolerable (17, 23).

Since its discovery half a century ago, the mouse t complex has become a
textbook example of a selfish gene. Despite much success characterizing its underlying

genetics and transmission distortion effects, the population dynamics of this persistent



genetic polymorphism has remained paradoxical because population frequencies are far
lower than theoretical predictions would suggest (24). Thus, it is likely that some form of
selection is operating against the invasion and spread of t haplotypes among wild mouse
populations. We used OPAs to discover the missing phenotypes, which were
reproductive declines in both t bearing males and females. These reproductive defects
reduced t allele frequencies to 49% below transmission distortion expectations (19). In all
cases above, OPAs discovered large health declines associated with treatments that had

been missed for decades by researchers using conventional laboratory methods.

Applying OPAs to environmental exposures

The following chapters of this disseration represent the first application of OPAs
to detect and quantify health consequences of environmental expsoures. These exposures
include both nutrional and toxicological exposures. While previous OPA studies have
focused on genetic treatments such as the aformintioned inbreeding and t complex, the
application of this technigue is arugabley most needed in the fields of nutrition and
toxicology, where substances once considered safe, such as asbestos, DDT,
diethylstilbestrol, polycyclic aromatic hydrocarbons (from grilled meat), second-hand
smoke and trans fatty acids are often found to be detrimental to health after years of
human exposure (25-30). OPAs help us answer the simple but crucial question, does an
exposure at a given level make a mouse sick; if OPAs had been utilized to evaluate the
safety of the substances mentioned above, decades of human exposure and sickness could
have been avoided.

In the second chapter, OPAs are applied to dietary fructose to determine if a

human relevant exposure level decreases mouse health and performance. Though



association between human disease and fructose consumption are well established and
many mechanistic aspects of fructose toxicity have been elucidated at high dose levels,
no experimental characterization of adversity has been made at exposure levels that are
relevant to human consumption (31-37). Using OPAs, however, we determine that
fructose exposure at 12.5% kcal results in increased mortality, decreased competitive
ability and decreased reproductive success. The data within this chapter now represent
the lowest observed adverse effect level for dietary fructose, a level experienced by 13%
of Americans (37).

The third chapter focuses on using OPAs to determine if differential health
impacts are associated with eating high fructose corn syrup (HFCS) (fructose and glucose
monosaccharides) or table sugar (sucrose). To date, only two published rodent studies
have indicated that these sugars have different impacts; however, the studies used
exposure levels far beyond human relevance, and the differences described cannot readily
be concluded as adverse (38, 39). Using OPAs we capture clear evidence that an
exposure modeling HFCS is more detrimental than table sugar, as females fed a diet
modeling HFCS experience increased mortality and decreased reproduction.

Within the fourth chapter OPAs are applied to determine if the established
maximum tolerated dose of an engineered nanomaterial is actually toxic. Amine-
terminated generation seven poly amido-amine (PAMAM) dendrimers are known to be
toxic to mice at 10mg/kg body mass as they cause blood coagulation and death (40).
Based on this observation the maximum tolerated dose was established at 3/mg/kg. Using
OPAs we demonstrate that no adverse effects due to exposure are experienced from a

one-time injection at this dose.



From phenotype to mechanism

The fifth and final chapter is a published review illustrating how the initial
phenotype characterized using OPAs, mating preferences associated with the Major
histocompatibility complex (MHC), has helped lead to the discovery of the underlying
molecular mechanism of this phenomenon (41). MHC-based mating preferences were
first identified in mice using laboratory tests (42), but the illustration that these
preferences existed in naturalistic settings was first made in OPAs (43). This initial
discovery spurred further research and now MHC-based mating preferences have been
shown in over 20 species of vertebrates including amphibians, birds, fish, and reptiles
(44-47). Likewise, the initial OPA discovery illustrates a fascinating discovery that led
others to pursue its mechanistic underpinnings and it has now been shown that the
peptides known to bind to MHC molecules also bind neuronal receptors in the
vomeronasal organ (VNO) and the main olfactory epithelium (48, 49). Remarkably, the
VNO sensory receptors bind 10-mer peptides with the same rules used by MHC
molecules, where two of the peptides act as anchor positions for binding, while the other
eight amino acids are free to vary without affecting binding. This amazing case of
convergent evolution creates a seamless link between MHC-mediated immune
recognition and MHC-mediated olfactory behaviors. Similarly, detecting disease
phenotypes with OPAs offers a model system for discovery of mechanism that is

impossible when the disease state remains cryptic.
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Summary paragraph

Health impacts of fructose intake at human-relevant concentrations have been
difficult to study in rodent models, as unnaturally high doses have been required to
demonstrate disease phenotypes. Fructose has increased in the American diet by 50%
since the 1970s and over this same period the proportion of individuals suffering from
metabolic diseases has dramatically increasedl Fructose consumption has been indicated
as a factor in the development of cardiovascular disease, fatty liver, metabolic syndrome,
obesity, and type-2 diabetes2-6. However, rodent studies concerning health impacts of
fructose have exclusively focused on doses above 20% Kcal for liquid calories and 50%

for dry, and therefore largely characterize effects that are outside of the range of typical
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human exposure7-10. Here we report data produced by a novel methodology referred to as
Organismal Performance Assays (OPASs), in which fructose-treated (12.5% Kcal) and
control mice compete in seminatural enclosures for territories, resources, and mates.
Within enclosures fructose-fed females experienced a two-fold increase in mortality
while males fed fructose controlled 26% fewer territories and produced 25% less
offspring. These findings represent the lowest observed adverse effect level (LOAEL)
reported to date for fructose and highlight that fructose-induced physiological impairment
can be substantial even when clinical endpoint measures are negative or inconclusive.
These and other data suggest that OPAs are an innovative technique for detecting
mammalian health decline and could have important utility in toxicity assessment of

dietary components, environmental exposures, pharmaceuticals and other treatments.

Main body

Mechanisms for how fructose contributes to obesity, de novo lipogenesis, lipid
deregulation and insulin resistance have been recently reviewed1l Support for these
mechanisms is seen in rodent models where high-levels of fructose consumption has been
shown to increase adiposity, levels of fasting cholesterol and triglycerides, impair glucose
tolerance and promote inflammation7-10. However, rodent studies evaluating health
impacts of fructose have exclusively focused on doses outside of the range of human
exposure.

To sensitively assess whether the consumption of fructose decreases mouse
health, as measured by survival, competitive ability and reproduction (common measures
of evolutionary fitness), at human-relevant concentrations we utilized a novel technique,

which we refer to as Organismal Performance Assays (OPAs). OPAs are sensitive
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phenotyping approaches that use seminatural conditions to challenge the physiological
performance of control and experimental animals in direct competition with each other. It
is this competition that reveals performance differences between treatment and control
individuals. The relative success of control and experimental animals can be compared
for any measurable component of fitness. Though the OPA moniker has been recently
derived, the technique has been used to detect mating preferences due to major
histocompatibility genes and to quantify adverse consequences associated with cousin
and sibling-level inbreeding as well as costs of bearing a selfish genetic element12-15. In
all cases OPAs quantified substantial health impacts that had been missed by studies
using standard laboratory methodologies.

Here we use OPAs to test if fructose exposure at a concentration of 12.5% Kcal, a
level currently consumed by 13-25% of Americans, decreases mouse health1,16
Additionally, we monitor common metabolic endpoints between experimental and
control animals to determine if established mechanisms correlate with whole organism
phenotypes observed in OPAs.

Survival of female animals within OPA enclosures was impacted by diet, with
fructose-fed females experiencing death rates 1.97 times higher than controls
(Proportional Hazards (PH), P = 0.048); Fig. 2.1a). There was no difference in survival
among replicate populations (PH, P = 0.351) nor did the impact of diet differ among
replicate populations (PH, P = 0.554).

In regards to male survival, no relationship between diet and survival was

detected (PH, P = 0.777); Fig. 2.1b). Survival did not differ among replicate populations
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(PH, P =0.438) nor did the impact of diet differ among replicate populations (PH, P =
0.311).

Male competitive ability was adversely affected by fructose feeding, with
fructose-fed animals defending 25.9% fewer territories than control males throughout the
study. At week three (model intercept) control males occupied 47.9% of territories and
fructose-fed males only 35.5%. This difference was found to be significant (Generalized
Linear Mixed Model (GLMM), P = 0.036). No effects of time or diet by time were
detected on territorial acquisition indicating that the competitive advantage of control
males was consistently maintained throughout the study. For a complete readout of all
mixed model results see Table S2.1.

Female reproductive success was impacted by diet in two distinct and opposing
ways (Fig. 2.2a). First, reproduction of control females at week eight (model intercept)
was 23.81 + 2.71 (M = S.E.M.) offspring per population and for fructose-fed females it
was 36.24 + 3.11 offspring per population, this difference was significant (GLMM, P <
0.0001). Second, while the reproductive output of control females increased significantly
over time at a rate of 1.02 £ 0.01 offspring per week (GLMM, P = 0.042), fructose-fed
animals exhibited significantly reduced reproduction rate of -0.99 + 0.00 offspring per
week, the rates between fructose-fed and control females significantly differed (GLMM,
P < 0.0001).

Male reproductive success was negatively impacted by diet, with fructose-fed
males siring 25.3% fewer offspring per population than controls (Fig. 2.2b). Diet did not
significantly affect the level of reproduction at week eight (model intercept) with control

males producing 14.21 + 1.88 (M = S.E.M.) male offspring per population and fructose-
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fed males producing 14.94 + 1.99. However, there was a significant diet by time
interaction causing fructose-fed males to sire 0.98 + 0.05 fewer male offspring per week
per population than controls (GLMM, P = 0.035). A marginally significant effect of time
alone on male reproduction was also found (GLMM, P = 0.088).

Diet did not impact the mass of population founders at week zero (Fig. S2.1). Nor
did the diets have differential impacts on mass over time or between the sexes.

Female glucose tolerance, as assessed by intraperitoneal glucose tolerance tests
(IPGTT), was impacted by both diet and environment (Fig. 2.3a,c); fructose-fed females
had decreased rates of glucose clearance overall (ANOVA, N = 39, P = 0.037) as did
females in cages before OPA release compared to those inhabiting OPA enclosures
(ANOVA, P =0.024). No interaction between diet and environment was detected
(ANOVA, P =0.182). With posthoc tests, only the difference between dietary groups in
cages prior to OPA entrance was found to be significant. In cages fructose-fed females
had Area Under the Curve (AUC) values 1.42 times higher than controls (Fructose-fed
29,384 £ 2,597: Control 20,719 £+ 1,692 mg/dL/120 minutes).

Male glucose clearance rates were not affected by diet (ANOVA, N =25, P =
0.519), though, like females, there was a large effect of environment, with males in cages
prior to OPA release having higher levels then postrelease (ANOVA, P < 0.0001; Fig.
2.3b,d). No interaction between diet and environment was detected (ANOVA, P = 0.190).

Fasting measures of plasma cholesterol, glucose, insulin, and triglycerides of both
female and male animals prior to OPA entrance were not impacted by diet. All plasma

measure data were also analyzed with the sexes combined revealing that total cholesterol
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was 1.69 times higher in fructose-fed animals (t-test, t =2.271, df = 30, P = 0.031; Table
S2.2).

Though nearly twice as many fructose-fed females died there was no clear pattern
detected in regards to female reproductive success. Female reproduction was difficult to
interpret as fructose-fed females had significantly higher reproduction early in the study
as well as significantly lower reproduction as the study progressed. The decreased
reproduction over time experienced by fructose-fed females was likely due to their
significantly increased mortality. It is not surprising to see milder treatment-induced
reproductive effects in females than males, as this has been seen in previous OPA
studies1315

Overall, fructose-fed males were outcompeted by control animals as measured by
competitive ability and reproduction. Since death rates did not differ, it is likely that the
lower reproduction of fructose males was due to their decreased ability to defend
territories. The relationship between competitive ability and reproductive success is well
established and has been seen before in OPAs1315

Cholesterol was the only fasting plasma measure that may be predictive of the
organismal impairment exhibited by fructose-fed animals in OPAs as no difference was
seen in plasma glucose, insulin, or triglyceride concentrations. These data provide partial
support that the fructose-fed animals may be suffering from increased levels of lipid
deregulation prior to OPA entrance.

Impaired glucose clearance rates of fructose-fed females compared to controls
prior to OPA entrance may reflect an as of yet to be identified physiological alteration

that may underlie and be predictive of increased risk of death within OPA enclosures.
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However, this impairment in glucose clearance disappears within two weeks of residing
in OPAs, well before the majority of deaths have occurred. No similar observations were
made in regards to male glucose clearance. The sex-specific nature of these findings is
interesting and may be due to the intense metabolic demands experienced by females
undergoing gestation and lactation. The finding that both dietary groups, as well as both
sexes, markedly increased their rates of glucose clearance after entering OPAs is likely
due to increased activity demanded by their new environment17.

The above findings provide direct evidence of adverse health impacts due to
fructose intake at 12.5% Kcal. The increased rates of mortality and decreased
reproduction observed in this study now represent the LOAEL for dietary fructose. These
adverse organismal-level findings are detectable while standard clinical measures are
either unaltered, (mass, glucose, insulin, and triglycerides) or inconclusive (cholesterol
and glucose tolerance), indicating that either our current mechanistic understanding of
fructose induced toxicity is incomplete and/or that available clinical measures are not of
sufficient sensitivity to reflect the physiological impairments leading to early death in
females and drop in reproductive capacity in males.

We detected substantial adverse outcomes due to an added sugar exposure
consisting of a 1:1 ratio of fructose and glucose amounting to 25% Kcal. Our results
provide evidence that added sugar consumed at concentrations currently considered safe
exerts dramatic adverse impacts on mammalian health1819 Many researchers have
already made calls for reevaluation of these safe levels of consumption1l; whereas, others

have advocated for more drastic regulatory measures to curtail sugar consumption20.
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Though OPAs detected profound differences in reproductive output and survival
between fructose-fed and control animals the results from our studies are likely
conservative. First, OPAs were terminated at 34 weeks because of the common, diet
independent, high-rates of male attrition; it is likely that if the study continued for the
entirety of the mouse lifespan that reproductive outputs between the treatments would
continue to diverge. Second, at the start of OPA assessment all animals were put on the
same fructose enriched diet, meaning that all of the adverse effects of the “fructose diet”
are a consequence of exposure prior to OPA entrance. Third, our fructose diet was based
on a modified chow and not a refined diet; meaning that our fructose-fed animals showed
impairment despite having the remainder of their diet being highly nutritive with
optimum mineral and vitamin composition.

Quantifying the ultimate negative impact on a mammal due to a treatment is a
difficult undertaking and requires long-term studies that follow subjects, as they inhabit a
relevant environment with associated stresses. Because of this, such studies have largely
fallen under the purview of human epidemiology or clinical trials. By directly assessing
the impacts of a treatment on the performance of house mice in OPAs we are capable of
bridging the environmental relevance and longitudinal nature of human studies with the
controllability and feasibility of animal models. These fructose data along with other
similar successes using OPAs suggest that this and similar approaches will be an
important tool in the detection and quantification of adversity caused by a wide array of
treatments13-15 Since output measures (survival, competitive ability and reproduction) are
similar across experiments, OPAs allow for the direct comparison of disparate treatments.

For example our data indicate that this fructose diet is as detrimental to male reproduction
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as cousin-level inbreeding (Fig. S2.2). Currently, there is a great need for sensitive
toxicity assessment methods that work across a broad range of experimental
manipulations. This need is particularly strong for both pharmaceutical science where
73% of drugs that pass preclinical trials fail due to safety concerns and for toxicology,

where shockingly few compounds receive long-term testing21,22

Methods summary

Wild derived house mice were exposed under caged conditions to either a diet
containing a 1:1 ratio of fructose and glucose monosaccharides amounting to 25% Kcal
from added sugar (fructose diet), or to a control diet (free of added-sugar) from weaning
through adulthood. Experimental and control animals (n=156) were then used to cofound
six independent OPA populations (Fig. S2.3). Once in OPAs, all mice were fed the
fructose diet. Populations were maintained for 32 weeks and differential performance
between control and experimental founders was monitored for survival, competitive
ability, and reproduction. Survival was ascertained by periodic checking for corpses,
competitive ability through the use of passive integrated transponder (PIT) tags and PIT
tag readers, and reproduction by genetically analyzing offspring produced within
enclosures. Founder mass was assessed over the course of the study. In an additional
population not used to assess any of the above endpoints, glucose tolerance was assessed
in individuals before OPA entrance and again two weeks after release. Fasting
cholesterol, glucose, insulin, and triglycerides, were also measured in a subset of animals

at the end of the dietary exposure.
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Figure 2.1. Survival of fructose-fed and control animals within OPA enclosures by
sex. a, Fructose-fed females experienced a death rate twice that of control females (P =
0.048). b, This pattern was not not seen in males (P =0.778).
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Figure 2.2. Reproduction of fructose-fed and control animals within OPA enclosures
by sex. a, Fructose-fed females produced significantly more offspring early in the study
(P < 0.0001), though this effect was negated due to a significant decrease in fructose-fed
female reproduction over time (P < 0.0001). b, Male reproductive success was
negatively impacted by diet, as fructose-fed males had a 25% reduction in reproductive
output relative to controls (P = 0.036). Lines connect means and error bars represent
standard error.
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Figure 2.3. Glucose tolerance of female a,c, and male b,d, fructose-fed and control
animals before and after OPA entrance as depicted by the glucose challenge time
course plots a,b, and integrated area under the curve values c,d. Fructose-fed females
had reduced glucose tolerance relative to controls (P =0.037). Animals of both sexes and
treatments had reduced glucose clearance prior to OPA release F:M (P = 0.024P <
0.0001). Lines and bars represent means and error bars represent standard error. *
Denotes significant (P < 0.05) posttest result.
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Supplementary methods
Animals

Outbred, wild-derived house mice (Mus musculus) were used in this study, since
many laboratory strains do not possess the functional behaviors required for OPA
assessmentl Individuals in this study were from the 10thand 11thgeneration of the
colony originally described by Meagher et al.2. Before animals were released into OPA
enclosures they were housed according to standard protocols under a 12:12h light:dark
cycle with food and water available ad libitum. All protocols were approved by and

conducted under the animal care guidelines of the IACUC at the University of Utah.

Dietary exposure

Exposure to specified diets began at weaning and continued until animals were
released into OPA enclosures approximately 26 weeks later. At the time of weaning a
litter was split in half and assigned to either the treatment or control group. The Fructose
diet (TD.05668) (Harlan Teklad, Madison, W1) contained 25% Kcal from a 1:1 mixture
of fructose and glucose monosaccharides, and therefore has the same ratio of these
monosaccharides as sucrose and approximately that of the 55:41 ratio found in the high
fructose corn syrup (HFCS) used in soft drinks (or 42:53 ratio found in HFCS used in
many food preparations). The control diet (TD.05669) (Harlan Teklad, Madison, W1) is
identical except for the component coming from the fructose and glucose
monosaccharides is replaced by cornstarch and a small amount of raw fiber used to offset
mass differences (See Tables S2.3 and S2.4). Upon entrance into OPA enclosures all

individuals consume the fructose diet.
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OPA enclosures

OPA enclosures are indoors, measure about 5m by 7m (35m2), and each pen is
subdivided into six subsections by hardware cloth, which provides spatial complexity
(Fig. S2.3). Each subsection has food and water that is associated with a set of nest boxes
in either one of four “optimal” territories, which contain nest boxes in enclosed structures
or two “suboptimal” territories with nest boxes in the open. Optimal nest boxes were
made of covered plastic storage bins (75 liter) with 5¢cm diameter entryways and
contained four standard mouse cages (also with 5cm entryways), bedding, and food. The
suboptimal nest boxes made of plastic planter boxes (61cm long by 15cm wide by 19cm
high) fitted with chicken-wire lids and 5cm circular entryways; food containers and one
gallon poultry waterers were adjacent to these nest boxes and both provided ad libitum
resource access. Together, the hardware fences and the two types of nest boxes created
environmental complexity in which mice established nesting sites, territorial boundaries,
and social hierarchies. OPA enclosures mimic habitat and social environment
experienced by mice in nature and the population density is representative of
measurements from wild populations3.

To assess impacts of fructose consumption on survival, competitive ability and
reproduction six OPA populations were founded by 22-28 individuals, 8-10 males and
14-18 females for a total of 156 individuals (58 male: 98 female). Equal numbers of
fructose-fed and control animals were represented for each sex within all populations. No
male individual was related at the cousin level or above to any other individual (male or
female) within a given population. Relatedness between female founders was also

avoided, though in several populations a single pair of sisters was included (a typical



30

condition in natural populations); when this was the case sister-pairs were balanced
across diets. Mean age of individuals at the time of population founding was 29.83 + 3.60
(M £ S.D.) weeks for males and 30.64 + 3.60 weeks for females. To prevent incidental
breeding before the establishment of male social territories, we released placeholder
(nonexperimental) females with the experimental males at the onset of each population.
After one week, the placeholder females were removed and the experimental females
were released into the enclosures marking the start (week one) of the OPA portion of the
study. Five of the six populations ran for 34 weeks, while the other replicate had to be
terminated early at 26 weeks due to attrition. A seventh population was established under
the same criteria above to collect blood samples from individuals under seminatural
conditions and ran for only six weeks. This seventh population was not used to assess

competitive ability, survival, or reproduction.

Male competitive ability

One week prior to entrance each founder was implanted with a unique passive
integrated transponder (PIT) tag (TX1400ST, BioMark, Boise ID). A set of PIT antennae
and readers (FS2001F-1SO, BioMark, Boise ID) were rotated through the six populations
at regular intervals throughout the study and placed at each of the optimal and suboptimal
feeders, and data were streamed to a computer equipped with data-logging software
(Minimon, Culver City, CA). Male social dominance was assigned when a male had
>75% ofthe PIT-tag reads at a single location over the course of a multi-day reader
session, and territories were designated as controlled by a fructose or control-fed male

based on the dietary exposure of the male controlling them. Female data were collected
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but results are not reported here as not enough is known about female dominance

behavior to use it as a measure of performance.

Survivorship

Survivorship of population founders was determined by periodic checks in each
enclosure. Dead founders were identified by their PIT-tag ID or personalized ear punches
and removed from enclosures. Date of death was estimated based on three factors: date of
last check, the last date an animal was recorded at a feeding station, and the condition of

the corpse.

Reproductive success

Samples to determine the reproductive success of founders were gathered during
“pup sweeps” in which pups born during the previous cycle were removed from the
population, sacrificed and tissue samples taken for genetic analysis. The first sweep
occurred during week eight of the study and additional sweeps followed every six weeks.
This schedule prevented offspring born in the enclosures from breeding. In five of the six
populations five pup sweeps occurred while in the remaining replicate only four sweeps
were conducted. A total of 1,894 individual samples were collected with an average of
315.67 £ 65.54 (M £ S.D.) per population.

Population level reproductive success was determined for fructose and control
groups as described previously2. Briefly, in each competition enclosure male and female
founders of each treatment were categorized by a common allelic variant on the Y-
chromosome and mitochondrial genome, respectively. Allelic assignments were reversed

across populations to avoid possible confounding effects of allele types. We obtained
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1836 (97% of total) mitochondrial and 870 Y- chromosome (92% of total assuming a

1:1sex ratio) genotypes.

Metabolic measures

In addition to OPA endpoints, traditional metabolic measures associated with
fructose-induced disease were taken including body mass, glucose tolerance, plasma
fasting cholesterol, glucose, insulin, and triglyceride concentrations. Body mass was
assessed in the 156 animals that founded the six OPA enclosures described above at the
time they were released into enclosures and at each of the pup sweeps, for a total of six
time points. Glucose tolerance was assessed in a different set of individuals composed of
24 females (16 fructose-fed and 8 controls) and 16 males (8 fructose-fed and 8 controls)
at two time points, prior to entrance into an OPA enclosure and again two weeks after
release. Finally, fasting concentrations of plasma cholesterol, glucose, insulin, and
triglycerides were assessed on a third set of 17 female (8 fructose-fed, 9 control) and 15
male (8 fructose-fed, 7 control) animals at the end of the dietary exposure period (i.e., the
time point that the OPA founders were released into enclosures).

Intraperitoneal Glucose Tolerance Tests (IPGTTs) were conducted by giving an
intraperitoneal injection of 1.5mg D-glucose/g body mass after an eight-hour fast. Blood
was collected from the retro-orbital sinus prior to glucose injection and 5, 10, 30, 60 and
120 minutes postinjection. This fast duration and bleeding technique were selected
because our wild-derived mice do not tolerate fasting or handling stress as well as
laboratory strains. Blood samples were immediately centrifuged at 10,0009 for 10

minutes after which 8-1071 of plasma was decanted and flash frozen. Samples were
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shipped on dry ice to the CHORI and glucose concentrations were assessed by the
hexokinase method4 .

Plasma samples for fasting cholesterol, glucose, insulin, and triglycerides were
collected and shipped in the same manner as those for IPGTT. Plasma glucose was
measured as described above. To determine plasma total cholesterol and triglyceride
concentrations, the Infinity Triglycerides or Cholesterol liquid stable reagent (Thermo
Scientific), respectively, were employed. Briefly, plasma or standards were added in
duplicate to a 96-well plate and the reagent was added and incubated at 37°C. Through a
series of reactions, a colored dye was formed in proportion to the concentration of
cholesterol or triglycerides and their levels were measured by the increase of absorbance
at 500 nm. Plasma insulin was determined using a direct sandwich ELISA (Mercodia,
Uppsala, Sweden). Briefly, plasma or standards were added to a detection antibody-
coated 96-well plate. After incubation together with a peroxidase conjugated detection
antibody, the substrate TMB was added and allowed to react and subsequently stopped
with H2SO4. A colored product was formed in proportion to the concentration of insulin
and its level was measured by the increase in absorbance at 450 nm. The homeostatic
model assessment of insulin resistance (HOMA-IR) was calculated by first multiplying

fasting insulin (mM) and glucose (mM) together, and then dividing by 22.55.

Statistical analysis

Survival. Survivorship of the 156 founders was analyzed by Cox proportional
hazard models with male and female animals assessed separately due to vastly different
mortality rates. Day one was defined as when animals entered OPA enclosures. A

multivariate model was used to assess the impacts of diet, population, and diet by
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population. Individuals that survived the duration of the trial or that were removed from
the study were censored. In the male data set there were 34 events and 24 censorings
while in the female data set there were 24 events and 74 censorings.

Male competitive ability. To assess the main effects of diet and time (and a time
by diet interaction) on male competitive ability, we used a generalized linear mixed
model (GLMM) to predict the probability of ownership. As a territory can only be
defended or not, we used a binomial distribution with a logit link to assess the probability
of ownership. The numbers of territories controlled within populations by each dietary
treatment was assessed at multiple time points throughout the study for a total of 140
observations. The number of possible territories in each population is constant at six and
territories were occupied (by a mouse of either diet) or unoccupied. Time, diet and their
interaction were treated as fixed effects and population was modeled as a random effect
with a random intercept calculated for each.

Reproduction. As reproduction data are discrete counts, for each sex we modeled
offspring counts over time in a GLMM with a Poisson distribution and a logarithmic link.
The model assessed the main effects of diet and time and the interaction on population-
level reproduction across the six populations. Reproductive output of each dietary
treatment was measured five times (except for one population that was only measured
four times) at six-week intervals for a total of 58 observations. Time, diet and their
interaction were modeled as fixed effects and population was modeled as a random effect
with a random slope and intercept for females and only an intercept for males. The
intercept was set at week eight as this was the first time point for which data were

available and reproduction at week zero was biologically impossible. Male and female
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reproduction data were analyzed separately as they were based on separate
measurements, with male reproduction being in terms of number of male offspring and
female reproduction in terms of total offspring.

Mass. A linear mixed-effects model (LMM) was used to assess the main effects
of diet, sex and time, as well as their respective interactions on the mass ofthe 156
population founders. As mass data are continuous, a normal distribution was assumed.
Diet, sex, time and their interaction were modeled as main fixed effects and individual
and population were modeled as random effects with a random intercept. The intercept
was set at week zero as this was the first time point for which data were available and
made biological sense. Founders were weighed at week zero and surviving individuals
were weighed across the five aforementioned pup sweeps for a total of 713 observations.
Due to nested random effects within the model degrees of freedom are not readily
calculable and therefore P values are not provided. The authors of the statistical package
suggest that estimates with [t| > 2 are deemed significantly different from zero.

IPGTT. The area under the curve (AUC) was calculated for plasma glucose
concentrations over time using the trapezoid rule. AUC values were calculated for all
individuals prior to OPA entrance and two weeks postrelease. Male and female data were
analyzed separately as sex has been shown to impact glucose tolerance6. AUC values
were compared across time points and dietary treatments using two-way analysis of
variance (ANOVA) with Bonferroni's posttests. Sample prior to OPA entrance was 23
females (15 fructose-fed and 8 controls) and 16 males (8 fructose-fed and 8 controls).
While the sample two weeks postentrance had 16 females (8 fructose-fed and 8 controls)

and 9 males (5 fructose-fed and 4 controls).
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Fastingplasma cholesterol, glucose, insulin, triglycerides and HOMA-IR.
Plasma measures in 17 (8 fructose-fed, 9 control) female mice and 15 male mice (8
fructose-fed, 7 control) were compared between dietary treatments. Sexes were analyzed
both separately and combined. Normality of each measurement was assessed with a
Shapiro-Wilk normality test. Blood measurements that did not significantly differ from a
normal distribution were assessed with t-tests, while those that differed significantly were
analyzed with a Mann-Whitney U test. An F-test was used to tests for unequal variance of
all blood measurements between dietary groups. All tests were two-tailed and all a values
were 0.5. Summaries of normality, and F-test results may be found in Table S2.2.

All mixed-effects models were fit in R using the glmer or Imer functions of the
Ime4 library78. For all mixed-effects models several candidate models for the random
effects terms were fit to the data including models estimating both intercept and/or slope
for random effects. In all cases the model that explained at least some of the variance
with random effects and had the lowest AIC score was selected. Neither the significance
of any reported fixed effect nor the magnitude of the effect differed between models.
Estimates (and significance) were consistent with those obtained when we ignored either
the nested structure and repeated measurements of individuals within populations or
repeated measurements of individuals or populations. Proportional hazard models were
performed in JMP 9.0.3 (SAS institute Inc., Cary NC) and two-way ANOVAs, Mann-
Whitney U tests, and t-test were performed in Prism 5.03 (Graphpad Software Inc, La

Jolla CA). All a values are 0.05 and all tests were two-tailed.
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Figure S2.1. Body mass of OPA founders over time by sex. Diet did not impact the
mass of either female a, or male b, animals (LMM; t = -0.87). Founders did significantly
gain mass over time (LMM; t= 11.52) with males gaining at decreased rate compared to
females (LMM; t= -6.01). The large change in female mass between weeks 0 and 8 is due
to pregnancy. Lines connect means and error bars represent standard error.
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Figure S2.2. Relative male reproduction costs due to treatment from published OPA
studies. Fructose-fed males experienced similar fitness declines to animals inbred at the
cousin level, but not as severe as those bearing the selfish genetic element known as the t
complex or inbred at the sibling level2910.
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Figure S2.3. Photograph of OPA enclosure. Enclosures are approximately 35mz2, and
are subdivided into six subsections by hardware cloth. Each subsection has food (black
chimneys) and water (poultry waterers) that is associated with a set of nest boxes in either
one of four “optimal” territories, which contain nest boxes in enclosed structures (storage
tubs) or two “suboptimal” territories with nest boxes in the open (planter boxes with wire
lids). PIT tag readers on the ledge of the enclosure are connected to antennae (black
“tennis rackets”), which are placed over each feeding station. Photograph courtesy Ben
Sutter.



Table S2.1. Mixed model results for competitive ability, reproduction and mass.
GLMM with binomial distribution and logit link

Male Competitive ability

Random effects
Population (Intercept)
Fixed effects

Intercept

Diet (Fructose)

Time

Diet (Fructose)*Time
Female Reproduction

Random effects
Population (Intercept)
Population (Slope)
Fixed effects
Intercept

Diet (Fructose)

Time

Diet (Fructose)*Time
Male Reproduction

Random effects
Population (Intercept)
Fixed effects
Intercept

Diet (Fructose)

Time

Diet (Fructose)*Time
Mass

Random effects
Individual (Intercept)
Population (Intercept)
Fixed effects

Intercept

Diet (Fructose)

Sex (Male)

Time

Diet (Fructose)*Sex (Male)
Diet (Fructose)*Time

Sex (Male)* Time

(Intercept at week 3)

Variance  Std. Deviation
0.0023 0.0479
Estimate Std. Error
-0.0733 0.1666
-0.5054 0.2405
-0.0084 0.0114
-0.0092 0.0169

Z value
-0.440
-2.102
-0.737
-0.543

Pran)
0.6600
0.0356*
0.4610
0.5869

GLMM witli Poisson distribution and logarithmic link

(Intercept at week 8)

Variance Std. Deviation
0.0458 0.2140

0.0003 0.0183
Estimate Std. Error
3.1700 0.1078
0.4204 0.0821
0.0174 0.0086
-0.0236 0.0057

Z value
29.398
5.119
2.032
-4.157

<0.0001***

<0.0001***
0.0422*

<0.0001***

GLMM with Poisson distribution and logarithmic link

(Intercept at week 8)

Variance Std. Deviation
0.0097 0.0984
Estimate Std. Error
2.6540 0.1245
0.0503 0.1751
0.0092 0.0054
-0.0174 0.0082

LMM (Intercept at week 0)

Variance Std. Deviation
5.58350 2.36294
0.48515 0.69653
Estimate Std. Error
21.6511 0.5929
-0.6141 0.7044
0.5194 0.8099
0.2394 0.0208
0.9643 1.0136
0.0267 0.0268
-0.1768 0.0294

* Indicates a p value < 0.05., **< 0.01, ***< 0.001.

Z value
21.311
0.287
1.704
-2.114

t value

36.52
-0.87
0.64
11.52
0.95
1.00
-6.01

PrAn)

<0.0001***
0.7738
0.0884
0.0345*

Significance
M>2)

Yes

No

No

Yes

No

No

Yes
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Table S2.2. Summary statistics of plasma measures

Plasma
Measure

Cholesterol
mg/dL

Glucose

mg/dL

Insulin
ng/mL

Triglycerides

HOMA-IR

* Indicates ap value < 0.05., **< 0.01, ***< 0.001. Normality was assessed with a
Shapiro-Wilk test and variance with an F-test.

Sex

Female

Male

Both

Female

Male

Both

Female

Male

Both

Female

Male

Both

Female

Male

Both

M + S.D. (n)
Fructose/Con.

141.6 + 40.58 (8)
1165 + 34.41 (9)
202.2 + 23.95 (8)
146.9 + 16.39 (7)
171.9 + 15.59 (16)
129.8 + 10.08 (16)

102.7 + 21.78 (8)
98.29 + 21.98 (9)
136.4 + 6.369 (8)
124.3 + 4.269 (7)
119.5 + 26.02 (16)
109.7 + 22.04 (16)
0.5747 + 0.1271 (8)
0.3968 + 0.05674 (9)
2.076 + 2.290 (8)
1.283 + 0.4124 (7)

1.325 + 1.763 (16)
0.7846 + 0.5382 (16)

44.18 + 2.939 (8)
45.92 + 2.172 (9)
47.84 + 3.261 (8)
48.79 £ 2.565 (7)
46.01 + 2.173 (16)
47.18 + 1.643 (16)
3.346 + 2.547 (8)
2.036 + 0.8298 (9)

16.46 + 19.73 (8)
8.706 + 3.221 (7)

9.904 + 15.18 (16)
4.954 + 4.024 (16)

Normally
Distributed
Fructose/Con.
Yes/Yes
Yes/Yes

Yes/Yes

Yes/No
Yes/Yes
Yes/No
Yes/Yes

No/Yes

No/Yes

Yes/Yes
Yes/Yes
Yes/Yes

No/Yes

No/No

No/No

Unequal
Variance

No
No

No

No
No
No
No

Yes
Fy,6=30.85
p=0.001***
Yes
F15,15=10.73
p<0.001***
No

No
No

Yes
Fy,8=9.421
p=0.005**
Yes
Fy,6=37.50
P<0.001%***
Yes
F15,15=14.23
p< 0.001***
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0.186
0.087

0.031
*

1.000
0.148
0.396
0.203

0.694
0.356

0.634
0.826
0.671

0.236
0.867

0.300



Table S2.3. Formulation of fructose diet.
Fructose diet (TD.05668) 25% E from glucose + fructose

Ingredient
Wheat, Hard Ground
Dextrose, Monohydrate
(Cerelose)
Fructose
Corn, Ground
Corn Gluten Meal 60
Soybean Meal, 48%
Dicalcium Phosphate, FG
Calcium Carbonate, FG
Sodium Chloride NaCl

Mineral Mix, TD.80318

Vitamin Mix, TD.81125
TBHQ (Antioxidant)
Corn Qil

Cellulose (Fiber)

Totals (g/kg)

Summary data

Diet %
kcal/kg
kcal %

g/kg
335.00

111.00
101.00
95.00
50.00
200.00
16.00
13.00
5.00

1.50

3.00
0.008
40.00
29.49
1000

Total
100
3241.96
100

%
mass
33.5

111
10.1
9.5
5

20
1.6
13
0.5

0.15

0.3
0.0008

2.949
100

Protein

g/kg
46.57

7.695
30.35
96.6

0.0813

0.0918

181.38

Protein
18.14
725.53
22.38

CHO

9/kg
178.89

101.18
101
65.74
12.74
51

0

0

0

0.6946
0.7844

0

512.02

CHO
51.20

2048.08
63.17

43

Fat

g/kg
6.03

3.04
11
18

0.0321

0.0362

40
52.04

Fat
5.20
468.35
14.45



Table S2.4. Formulation of control diet.

Control diet (TD.05669)

Ingredient
Wheat, Hard Ground
Corn Starch
Corn, Ground
Corn Gluten Meal 60
Soybean Meal, 48%
Dicalcium Phosphate, FG
Calcium Carbonate, FG
Sodium Chloride NaCl
Mineral Mix, TD.80318
Vitamin Mix, TD.81125
TBHQ (Antioxidant)
Corn Oil
Cellulose (Fiber)
Totals (g/kg)
Summary data

Diet %
kcal/kg
kcal %

g/kg
335.00

225.00
95.00
50.00

200.00
16.00
13.00

5.00

1.50

3.00

0.008

40.00

16.49
1000.00

Total

3250.18

%
mass

335

225

95

5

20

16

13

05

0.15

0.3

0.0008

4

1.649
100.00

Protein
g/kg
46.57
0.72
7.70
30.35
96.6
0
0
0
0.0813
0.0918
0
0
0

182.10

Protein
18.21
728.41
22.41

0.6946
0.7844

2049.38
63.05 14.53

44

Fat
g9/kg
8.89 6.03
202.5 0.45
65.74 3.04
12.74 11
51 18
0 0
0 0
0 0
0.0321
0.0363
0 0
0 40
0 0
52.49
CHO Fat
51.23 5.25
472.40



CHAPTER 3

MODERATE LEVELS OF FRUCTOSE AND GLUCOSE
MONOSACCHARIDES INCREASE DEATH RATES
AND REDUCE FITNESS OF FEMALE MICE

COMPARED TO THOSE FED SUCROSE

Abstract

Intake of added sugar has been shown to correlate with the prevalence of many
human metabolic diseases and rodent models have characterized many aspects of the
resulting disease phenotypes. However, very little work has been done to address if
differential health impacts occur due to the consumption of one, or the other, of the two
common types of added sugar, high fructose corn syrup (fructose and glucose
monosaccharides) or table sugar (the disaccharide of sucrose, which is composed of
fructose and glucose monosaccharides). To address this question directly, we fed mice
either a diet containing an equal ratio of fructose and glucose monosaccharides or one
with an isocaloric amount of sucrose. Exposure lasted from weaning through adulthood,
and then animals of both treatments were released into seminatural enclosures where they
competed for territories, resources and reproduction. Here, we report that female mice fed
a diet containing an equal ratio of fructose and glucose monosaccharides experienced a
mortality rate 1.87 times higher and produced 26.4% fewer offspring than females fed the

sucrose diet. Interestingly, no differential performance was seen in male animals,
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indicating a sex-specific outcome of exposure. This study provides the first experimental
evidence that fructose and glucose monosaccharides can be more deleterious to

mammalian health than the disaccharide sucrose.

Introduction

Added sugars are defined as sugars and syrups that are added to foods during
processing or preparation (1). The two most common forms of added sugar in the
American diet are table sugar (sucrose) and high fructose corn syrup (HFCS) (fructose
and glucose monosaccharides), which make up 44% and 42% of consumption annually
(2). HFCS comes in two main forms, one that is 42% and another that is 55% fructose,
with the remainder being glucose. Due to both varieties of HFCS being widely used, the
fructose to glucose ratio that is actually consumed is approximately 1:1 (3). Though
consumption of HFCS is high in the American population, globally its total consumption
is only 8% compared to sucrose (4).

Consumption of added sugar has been linked to numerous human disease states
and the rapid increase in the prevalence of these diseases is becoming one of the most
pressing health concerns world-wide as noncommunicable diseases now kill more people
globally than infectious disease (5). Specifically, through epidemiological studies, added
sugar consumption has been linked with cardiovascular disease, fatty liver disease,
metabolic syndrome, obesity and type-2 diabetes (3, 6-9). Diseases that impact 36%,
11%, 24%, 36% & 11% of American adults respectively (10-14).

The fructose portion of added sugar is suspected to be the detrimental component
and mechanisms for how it contributes to obesity; de novo lipogenesis, lipid deregulation

and insulin resistance have been recently reviewed (15). Support for these mechanisms
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can be seen in rodent models where high-levels of fructose consumption has been shown
to increase adiposity, increase levels of fasting cholesterol and triglycerides and impair
glucose tolerance (16-18). Additionally, fructose consumption has been shown to
increase portal vein concentrations of bacterial endotoxin and therefore inflammation
(19). This indicates that fructose, as opposed to other carbohydrates, has a deleterious
impact on health. However, rodent studies concerning health impacts of fructose, with the
exception of the data presented in Chapter 2, have exclusively focused on doses above
20% of total calories and often above 50%. Therefore, these studies largely characterize
effects that are above the range oftypical human exposure.

Few experimental studies have attempted to differentiate health consequences of
consuming a mixture of fructose and glucose monosaccharides and the disaccharide
sucrose. Numerous studies have compared diets containing high levels of fructose alone
to those containing isocaloric sucrose and concluded that free fructose is more
detrimental than sucrose and therefore that sources of free fructose such as HFCS are
more deleterious to health (20). Unfortunately, these studies do not control for the total
amount of fructose between treatments, and use a fructose diet that is likely to never be
experienced in the real world, where fructose is always found with glucose (21). Ofthe
studies that have directly compared fructose and glucose monosaccharides to sucrose,
only two have found significant differences. Thresher et al. (2000) found that rats fed a
mixture of fructose and glucose had decreased glucose infusion rates required to maintain
euglycemia compared to those fed sucrose, and MyPhoung et al. (2011) found that people
absorb more fructose when consuming beverages sweetened with a mixture of fructose

and glucose than they do with sucrose sweetened beverages and therefore have elevated
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biomarkers associated with increased fructose consumption (e.g., higher blood pressure)
(3, 22). A third study concluded that a mixture of fructose and glucose caused increased
mass gain in male rats compared to sucrose, though this claim may be overstepping the
data as a direct statistical comparison between these dietary groups was not made (23).

To sensitively assess whether the consumption of fructose and glucose
monosaccharides decreases mouse health relative to the consumption of sucrose we
utilized a novel technique, which we refer to as Organismal Performance Assays (OPAS).
OPA:s are defined as sensitive phenotyping approaches that use seminatural conditions to
challenge the physiological performance of differentially treated animals (i.e., treatment
and control) in direct competition with each other. The relative success of individuals in
each group can be compared for any fitness measures allowing detection and
quantification of any reduced performance due to treatment. Though the OPA moniker
has only recently been derived, the technique has been previously used to detect mating
preferences due to major histocompatibility genes and quantify adverse consequences
associated with cousin and sibling-level inbreeding as well as bearing the selfish genetic
element known as the t complex (24-27). In all cases OPAs detected and quantified
substantial health impacts that had been missed by previous studies that assessed animals
with standard laboratory methodologies.

Here we use OPAs to specifically test if a 1:1 ratio of fructose and glucose
monosaccharides (fructose/glucose) at a level of 25% kcal, a level currently consumed by
13% of Americans (28), decreases mouse health compared to consumption of an

isocaloric sucrose diet. OPA endpoint measures include survival, reproductive success
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and male competitive ability. Additionally, we monitor mass and glucose tolerance of

animals to determine if these measures are predictive of OPA outcomes.

Methods

Animals

Outbred, wild-derived house mice (Mus musculus) were used in this study, as
many laboratory strains do not possess the natural and functional behaviors required for
OPA assessment (29). Individuals in this study were from the 10thand 11th generations of
the colony originally described by Meagher et al. (26). Consanguinity was assessed
during the 11th generation and found to be comparable to wild populations (30). Before
animals were released into OPA enclosures they were housed according to standard
protocols under a 12:12h light:dark cycle with food and water available ad libitum. All
protocols were approved by and conducted under the animal care guidelines of the

IACUC at the University of Utah.

Dietary exposure

Exposure to specified diets began at weaning and continued until animals were
released into OPA enclosures approximately 40 weeks later. At the time of weaning a
litter was split in halfand each portion ascribed to either the fructose/glucose or sucrose
group. The fructose/glucose diet (TD.05668) (Harlan Teklad, Madison, W1) contained
25% kcal from a 1:1 mixture of fructose and glucose monosaccharides, and
approximately models high fructose corn syrup (HFCS). The sucrose diet (TD.05667)
(Harlan Teklad, Madison, W1) is identical except for the component coming from the

fructose/glucose monosaccharides is replaced by sucrose and has slightly less raw fiber
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added to offset mass differences. For an exact makeup of each diet see Tables 3.1 and
3.2. Upon entrance into OPA enclosures all individuals consume the glucose/fructose

diet.

OPA enclosures

Indoor OPA enclosures measure 5m by 7m (35m2), and each pen is subdivided
into six subsections by hardware cloth, which provides spatial complexity. Each
subsection has food and water that is associated with a set of nest boxes in either one of
four “optimal” territories, which contain nest boxes in enclosed structures or two
“suboptimal” territories with nest boxes in the open. Optimal nesting structures were
made of covered, opaque plastic storage bins (75L) with 5cm diameter entryways and
contained four standard mouse cages (also with 5¢cm entryways), bedding and food. The
suboptimal nest box is made of plastic planter boxes (61cm long by 15cm wide by 19cm
high) fitted with chicken-wire lids and 5cm circular entryways; food containers and one-
gallon poultry waterers were adjacent to these nest boxes and both provided ad libitum
resource access. Together, the hardware fences and the two types of nest boxes created
environmental complexity in which mice established nesting sites, territorial boundaries,
and social hierarchies. OPA enclosures mimic habitat and social environments
experienced by mice in nature and the population density is representative of
measurements from wild populations (31).

To assess impacts of the consumption of differential forms of fructose on
survival, competitive ability and reproduction, six OPA populations were founded by 24-
30 individuals, 8-10 males and 14-20 females for a total of 160 individuals (56 male:104

female). Equal numbers of fructose/glucose and sucrose-fed animals were represented in
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each sex within all populations. No male individual was related at the cousin level or
above to any other individual (male or female) within a given population. Relatedness
between female founders was also avoided, though in several populations a single pair of
sisters was included; when this was the case, sister-pairs were balanced across diets.
Mean age of founders was 44.43 = 5.69 (M = S.D.) weeks for males and 44.28 + 5.90
weeks for females. To prevent incidental breeding before the establishment of male social
territories, we released placeholder (nonexperimental) females with the experimental
males at the onset of each population to allow male territory formation prior to release of
experimental females. After one week, the placeholder females were removed and the
experimental females were released into the enclosures marking the start (week one) of

the study. The six populations ran for 32 weeks.

Survivorship

Survivorship of population founders was determined by periodic checks in each
enclosure. Dead founders were identified by their PIT-tag ID or unique ear punches and
removed from enclosures. Date of death was estimated based on three factors: date of last
check, the last date an animal was recorded at a feeding station, and the condition of the

corpse.

Reproductive success

Samples to determine the reproductive success of founders were gathered during
“pup sweeps” in which pups born during the previous cycle were removed from the
population, sacrificed and had tissue samples taken for genetic analysis. The first sweep

occurred during week eight of the study and additional sweeps followed every six weeks.
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This schedule prevented offspring born in the enclosures from breeding. In all six of the
populations five pup sweeps occurred. A total of 1,397 individual samples were collected
with 235.83 + 96.20 (M = S.D.) per population.

Population level reproductive success was determined for fructose/glucose and
sucrose groups as described previously (26). Briefly, in each competition enclosure male
and female founders of each treatment were categorized by a common allelic variant on
the Y-chromosome and mitochondrial genome, respectively. Allelic assignments were
reversed across populations to avoid possible confounding effects of allele types. We
obtained 1,336 mitochondrial (95.63% of total) and 667 Y- chromosome (99.85% of total

assuming a 1:1sex ratio) genotypes.

Male competitive ability

One week prior to entrance, each founder was implanted with a unique passive
integrated transponder (PIT) tag (TX1400ST, BioMark, Boise ID). Individuals were
monitored until release and no redness, swelling, or noticeable infection around the
injection site was detected. A set of PIT antennae and readers (FS2001F-1SO, BioMark,
Boise ID) were rotated through the six populations throughout the study and placed at
each of the optimal and suboptimal feeders, and data were streamed to a computer
equipped with data-logging software (Minimon, Culver City, CA). Male social
dominance was assigned when a male had >75% of the PIT-tag reads at a single location
over the course of a multi-day reader session, and territories were designated as
controlled by a fructose/glucose-fed or sucrose-fed male based on the dietary exposure of

the male controlling them. Female data were collected, but results are not reported here as
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not enough is known about female dominance behavior to use it as a measure of

performance.

Body mass
Body mass was assessed in the 160 animals that founded the six OPA populations
described above at the time they were released into populations and at each of the

aforementioned pup sweeps, for a total of six time points.

Glucose clearance

Intraperitoneal Glucose Tolerance Tests (IPGTT) were conducted on eight female
animals of each dietary treatment at the end ofthe exposure period by giving an
intraperitoneal injection of 1.5mg D-glucose/g body mass after an eight hour fast. Only
female animals were assessed as previous work on this population has shown that male
clearance rates are not impacted by this level of added sugar consumption compared to a
sugar-free control (Chapter 2). Blood was collected from the retro-orbital sinus prior to
glucose injection and at 5, 10, 30, 60 and 120 minutes postinjection. Fast duration and
bleeding technique were selected because our wild-derived mice do not tolerate fasting or
handling stress as well as laboratory strains. Blood samples were immediately centrifuged
at 10,0009 for 10 minutes after which 8-10”1 of plasma was decanted and flash frozen.
Samples were shipped on dry ice to the Children’s Hospital of Oakland Research
Institute, and glucose levels were assessed by the hexokinase method (32). Briefly,
plasma or glucose standard were added in duplicate to a 96-well plate and a glucose

reagent (Thermo Scientific, Middletown, VA) was added and incubated at 37°C. Through
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a series of reactions NADH was formed in proportion to the concentration of glucose and

its level was measured by the increase of absorbance at 340 nm.

Statistical methods

Survival. Survivorship of the 160 founders was analyzed by Cox proportional
hazard models with male and female animals assessed separately due to vastly different
mortality rates. Day one was defined as when animals entered OPA enclosures and is
different by a week for males and females (see above). A multivariate model was used to
assess the impacts of diet, population and their interaction. Individuals that survived the
duration of the trial or that were removed from the study were censored. In the male data
set there were 32 events and 24 censorings, while in the female data set there were 40
events and 64 censorings.

Male competitive ability. To assess the main effects of diet and time (and a time
by diet interaction) on male competitive ability, we used a generalized linear mixed
model (GLMM) to predict the probability of ownership. As a territory can only be
defended or not, we used a binomial distribution with a logit link to estimate probability
of ownership (defense). The numbers of territories controlled within populations by each
dietary treatment was assessed at multiple time points throughout the study for a total of
112 observations. The number of territories in each population is constant at six, and
territories were occupied (by a mouse of either diet) or unoccupied. The intercept of the
model was set at week zero when males were released into the enclosures. Week, time,
diet and their interaction were treated as fixed effects and population was modeled as a

random effect with a random intercept calculated for each.
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Reproduction. As reproduction data are discrete counts, for each sex we modeled
offspring counts over time in a GLMM with a Poisson distribution and a logarithmic link.
The model assessed the main effects of diet and time and the interaction on population-
level fitness across the six populations. Reproductive output of each dietary treatment
was measured five times at six-week intervals for a total of 60 observations. Time, diet
and their interaction were modeled as fixed effects and population was modeled as a
random effect with both a random slope and intercept calculated. The intercept was set at
week eight as this was the first time point for which data were available and reproduction
at week zero was biologically impossible. Male and female reproduction data were
analyzed separately as they were based on separate measurements, with male fitness
measured in terms of number of male offspring and female fitness in terms of total
offspring.

Mass. A linear mixed-effects model (LMM) was used to assess the main effects
of diet, sex and time, as well as their respective interactions on the mass ofthe 160
population founders. As mass data are continuous, a normal distribution was assumed.
Diet, sex, time and their interaction were modeled as main fixed effects and individual
and population were modeled as random effects with a random intercept. The intercept
was set at week zero as this was the first time point for which data were available and
made biological sense. Founders were weighed at week zero and surviving individuals
were weighed across the five aforementioned pup sweeps for a total of 706 observations.

IPGTT. The area under the curve (AUC) was calculated for plasma glucose levels
over time using the trapezoid rule. AUC values were calculated for eight individuals of

each treatment and comparisons were made between groups using a Mann Whitney U-
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test as the distribution of the sucrose data set was found to vary significantly from that of
a normal distribution using a Shaprio-Wilk normality test.

All mixed-effects models were fit in R (33) using the glmer or Imer functions of
the Ime4 library. For all mixed-effects models several candidate models for the random
effects terms were fit to the data, including models estimating both intercept and/or slope
for random effects. In all cases the model that explained at least some of the variance
with random effects and had the lowest AIC score was selected. Estimates (and
significance) were consistent with those obtained when we ignored either the nested
structure and repeated measurements of individuals within populations or the repeated
measurements of individuals or populations. Proportional hazard models were performed
in JMP 9.0.3 (SAS institute Inc., Cary NC) and two-way ANOVAs, were performed in
Prism 5.03 (Graphpad Software Inc, La Jolla CA). All a values are 0.05 and all tests were

two-tailed.

Results

Survival of female animals within OPA enclosures was impacted by diet, with
fructose/glucose-fed females experiencing death rates 1.8734 times higher than sucrose-
fed females (Proportional Hazards; x2= 6.3834, P = 0.0115) (Figure 3.1a). There was no
difference in survival among replicate populations (Proportional Hazards; X2 = 3.8825, P
= 0.5665) nor did the impact of diet differ between populations (Proportional Hazards; X2
= 8.1634, P = 0.1475).

In regards to male survival, no relationship between diet and survival was
detected (Proportional Hazards; x2 = 2.6602, P = 0.1029) (Figure 3.1b). Overall survival

did not differ among replicate populations (Proportional Hazards; x2 = 4.1569, P =
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0.5271); however, survival of the two treatments did significantly vary across populations
(Proportional Hazards; 92= 11.6310, P = 0.0402).

Male competitive ability was not impacted by diet, with fructose/glucose animals
controlling approximately the same number of territories as sucrose males at week zero
(the intercept) (GLMM; Z = -1.078, P = 0.2809) (Figure 3.2). Fructose/glucose-fed males
controlled 39.2% and sucrose-fed males 32.8% of territories throughout the study,
leaving approximately 28% unoccupied at any time. No effect oftime (GLMM; Z = -
1.328, P = 0.1840) or diet by time (GLMM; Z = 0.322, P = 0.7476) was detected on
territorial acquisition. For a complete readout of all GLMM (competitive ability and
reproduction) and LMM (mass) results see Table 3.3.

Female reproductive success was impacted by diet with fructose/glucose-fed
females producing 26.4% fewer offspring than sucrose-fed females (Figure 3.3a). At
week eight (the model intercept) fructose/glucose females produced 17.07 £ 2.35 (M +
S.E.M.) offspring per population, while sucrose animals produced 23.97 + 2.45 offspring
per population, this difference was found to be significant (GLMM; Z = 3.479, P =
0.0005). As there was no significant effect oftime (GLMM; Z = 0.218, P =0.8275) or a
time by diet interaction (GLMM; Z = -0.401, P =0.6883), the deficiency in offspring
production suffered by fructose/glucose females at the intercept persisted throughout the
duration of the study. In total, fructose/glucose-fed females produced 96.50 + 20.32
offspring per population and sucrose-fed females produced 131.17 + 23.81 offspring per
population.

No clear pattern emerged in regards to male reproductive success and treatment.

At week eight (the model intercept) fructose glucose-fed males sired 16.25 + 3.46 male
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offspring per population, while sucrose-fed males sired 22.66 + 3.19 (M = S.E.M) male
offspring per population, this difference was significant (GLMM; Z = 2.569, P = 0.0102).
Conversely, sucrose fed-males suffered a significantly decreased rate (-1.06 £ 0.01 male
offspring per week) of reproduction in regards to time, while fructose/glucose-fed males
reproduced steadily (GLMM; Z =5.986, P < 0.0001). No overall impact of time on
reproduction was observed (GLMM; Z = 1.503, P = 0.1329). In total, fructose/glucose-
fed males produced 66.67 = 30.90 male offspring per population and sucrose-fed males
produced 47.50 = 20.26 male offspring per population.

Diet did not impact the mass of population founders at the intercept (week zero)
with sucrose-fed animals weighing 1.05 + 0.71g (M = S.E.M) less than fructose/glucose-
fed animals (LMM; t = -1.47) (Figure 3.4). In addition, diet had no impact over time
(LMM; t = 0.67) nor did it differentially impact the sexes (LMM; t = 0.48). Female
founders significantly gained mass (0.22 £ 0.02g per week) (LMM; t = 9.78) while males
largely maintained their entrance masses, the rate differences between males and females
were significant (LMM; t = -8.90). However, at the intercept male founders weighed 1.93
+ 0.84g more than females. Due to nested random effects (individuals within populations)
contained in the model, degrees of freedom are not readily calculable and therefore P
values are not provided. The authors of the statistical package suggest that estimates with
[t > 2 are deemed significantly different from zero.

Female glucose tolerance, as assessed by intraperitoneal glucose tolerance tests
(IPGTT), was not impacted by diet with fructose/glucose-fed females having an AUC

score (mg/dL/120 minutes) of 28945 + 2812 (M + S.E.M) and sucrose-fed females
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having an AUC of 31086 + 7233 (Mann Whitney, N = 16, U = 25.00, P =0.5054). For

glucose tolerance curves of each treatment see Figure 3.5.

Discussion

Within OPA enclosures, female mice on the fructose/glucose diet were
dramatically outperformed by sucrose-fed females, as demonstrated by a two-fold higher
death rate and a 26% relative reduction in reproductive output. These are the first
experimental data to show differential health impacts of consuming fructose/glucose
versus sucrose. Interestingly, the reproductive disadvantage of fructose/glucose-fed
females is present from the start of the study, indicating that even before the unequal
mortality rates were manifest, reproduction differentials were present. The increased
female death rate observed here (1.873) is remarkably similar to the one (1.966) we
detected in a previous OPA competition between animals on the same fructose/glucose
diet versus a starch-based control, indicating that perhaps the increased mortality in the
previous study was due to free fructose and not total fructose as originally concluded.
However, to assess this question, a direct OPA comparison between sucrose and starch
control mice is needed.

Unlike females, males on the fructose/glucose diet were not outcompeted by their
sucrose treated brethren. Fructose/glucose-fed males gained equivalent numbers of
territories and experienced similar levels of mortality. Likewise, no overall pattern
emerged in regards to reproduction with sucrose-fed male producing more offspring early
on, while fructose/glucose-fed males sired more towards the end of the study. This, in
conjuncture with our pervious study (Chapter 2), indicates that though male competitive

ability and reproduction in OPAs is devastated by the consumption of 25% kcal from
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added sugar, the form of that added sugar, as either fructose and glucose
monosaccharides or the disaccharide sucrose, appears inconsequential; though this should
be confirmed with direct competition experiments.

The sex-specific nature of our OPA findings is surprising, but not unprecedented.
Twice our system has previously revealed a similar mortality pattern, the first being when
females harboring the selfish genetic element known as the t complex experienced an
increased risk of mortality while males with the t complex did not (27), and the second
being that females fed the fructose/glucose diet in a previous study had increased
mortality compared to controls while male animals showed no difference (Chapter 2). It
is fallacious to assume that experimental treatments will impact the sexes in exactly the
same way, as major differences in life histories of female and male mice are well
established. For example, a female mouse when pregnant consumes 18-25% more
calories than when she is not and therefore is likely to respond differentially to a
nutritional treatment than a male (34). Even without considering pregnancy status, sex-
specific differences are well established in metabolic processes such as the insulin
response for both mice and humans (35, 36). As its importance is being realized, sex-
specific reporting of results is becoming increasingly common in human studies and we
believe that the data herein also reflect its importance in animal models (37).

We found no evidence of differential mass gain or glucose tolerance between
animals fed the fructose/glucose and the sucrose diet. This finding is consistent with our
previous work in which animals fed the same fructose/glucose diet did not differ in mass
from those fed a starch-based control diet (Chapter 2), but it does stand in contrast to

conclusions reached by Bocarsly et al. (2010) possibly due to rat/mouse differences (23).
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Interestingly, our mass data supports that house mice are sexually dimorphic, as males
were heavier than nonpregnant females. This observation is consistent with most data, but
recent investigations have revealed that some populations and age ranges of wild house
mice that are sexually monomorphic (38, 39). Glucose clearance rates did not differ
between females raised on either diet, indicating that glucose tolerance was not predictive
of the observed mortality and reproductive deficiency. Both the clearance rates of
fructose/glucose and sucrose-fed females were similar to those of female mice fed the
same fructose/glucose diet in Chapter 2. This observation is in line with data gathered by
Thresher and coworkers (2000), that showed overall glucose clearance rates did not differ
between these groups (3). The Thesher study did detect differences in the glucose
infusion rate required to maintain euglycemia; however, we did not assess that aspect of
glucose homeostasis.

The mechanistic cause of female mortality and reproductive impairment due to
the consumption of the fructose/glucose diet, as opposed to sucrose, is not known. We
directly tested for differences in glucose homeostasis and mass gain, two outcomes that
previously had been reported as being differentially impacted by similar diets, but no
differences emerged. We did not directly assess the rate of fructose uptake after
consumption, a third metric that has been shown to differ between similar diets in
humans, leaving the possibility that our fructose/glucose fed animals absorbed a higher
amount of fructose each time they fed over the feeding trial. If not due to an increase in
total fructose intake, then it seems likely that whatever mechanism is at play is taking
place at or prior to the absorption of these sugars by enterocytes, as the bond connecting

the monosaccharide components of sucrose is hydrolyzed at this time (40). Regardless of
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what mechanism is contributing to the increased mortality and decreased reproduction of
females on the fructose/glucose diet, the organismal-level phenotype characterized herein
should greatly aid in its elucidation.

Though previous claims have been made that HFCS and sucrose are not
equivalent, this study provides the first clear experimental evidence that the consumption
of a 1:1 ratio of fructose and glucose monosaccharides can dramatically decrease
mammalian health compared to the intake of an isocaloric amount of sucrose. Moreover,
the fructose and glucose monosaccharide diet used in this study contains these added
sugars at levels that are consumed by 13% of the American population, indicating that
human health may also be at risk (28). Though many aspects of fructose toxicity have
been well described, there is still much that we can learn from the mouse, especially
when we take the crucial role of environment into account for elucidating and

exacerbating disease phenotypes.
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Figure 3.1. Survival of fructose/glucose and sucrose animals within OPA enclosures
by sex. a, fructose/glucose-fed females experienced nearly twice the death rate over the
course ofthe study compared to sucrose animals (Proportional Hazards; %2= 6.3834, P =
0.0115). b, No significant pattern was seen in males (Proportional Hazards; X2= 2.6602,
P =0.1029).
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Figure 3.2. Male competitive ability over time. No difference in territorial acquisition
between fructose/glucose and sucrose-fed males was detected (GLMM; Z = -1.078, P =
0.2809). Lines are smoothed representations of mean territoriality over time.
Boxes/Circles represent the data points that inform the line.
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Figure 3.3. Cumulative reproductive success of OPA founders by sex. a,
Fructose/glucose-fed females produced fewer offspring throughout the study than those
fed sucrose (GLMM; Z = 3.479, P = 0.0005). b, Fructose/glucose-fed males produced
significantly fewer offspring at the onset of the study (GLMM; Z = 2.569, P = 0.0102),
but the advantage enjoyed by sucrose-fed males decayed over time (GLMM; Z =5.986, P
< 0.0001). Lines connects population means and errror bars represent standard error.
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Figure 3.4. Body mass of fructose/glucose and sucrose animals within OPA
enclosures by sex (a female, b male). No differences between treatment groups were
observed (LMM; t = -1.47). Lines connect means of individuals assessed at OPA
enterance and at the five pup sweeps, errror bars represent standard error.
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Figure 3.5. Glucose tolerance curves of fructose/glucose-fed and sucrose-fed females
prior to release in OPA enclosures. No difference between treatment groups was
observed (Mann Whitney, N = 16, U = 25.00, P = 0.5054). Lines connect means of
individuals assessed at 0, 5, 10, 30, 60, and 120 minutes postglucose injection, errror
bars represent standard error.



Table 3.1. Formulation of fructose/glucose diet.
Fructose/glucose diet (TD.05668) 25% kcal rom glucose + fructose

Ingredient
Wheat, Hard Ground
Dextrose, Monohydrate
(Cerelose)
Fructose
Corn, Ground
Corn Gluten Meal 60
Soybean Meal, 48%
Dicalcium Phosphate, FG
Calcium Carbonate, FG
Sodium Chloride NaCl

Mineral Mix, TD.80318

Vitamin Mix, TD.81125
TBHQ (Antioxidant)
Corn Qil

Cellulose (Fiber)

Totals (g/kg)

Summary data

Diet %
kcal/kg
kcal %

g/kg
335.00

111.00
101.00
95.00
50.00
200.00
16.00
13.00
5.00

1.50

3.00
0.008
40.00
29.49
1000

Total
100
3241.96
100

%
mass
33.5

111
10.1
9.5
5

20
1.6
13
0.5

0.15

0.3
0.0008

2.949
100

Protein

g/kg
46.57

7.695
30.35
96.6

0.0813

0.0918

181.38

Protein
18.14
725.53
22.38

CHO

9/kg
178.89

101.18
101
65.74
12.74
51

0

0

0

0.6946
0.7844

0

512.02

CHO
51.20

2048.08
63.17

72

Fat

g/kg
6.03

3.04
11
18

0.0321

0.0362

40
52.04

Fat
5.20
468.35
14.45



Table 3.2. Formulation of sucrose diet.
Sucrose diet (TD.05667) 25% kcal sucrose

Ingredient
Wheat, Hard Ground

Sucrose

Corn, Ground

Corn Gluten Meal 60
Soybean Meal, 48%
Dicalcium Phosphate, FG
Calcium Carbonate, FG
Sodium Chloride NaCl
Mineral Mix, TD.80318
Vitamin Mix, TD.81125
TBHQ (Antioxidant)

Corn Oil

Cellulose (Fiber)

Totals (g/kg)

Summary data

Diet %
kcal/kg
kcal %

g/kg
335.00

205.00
95.00
50.00

200.00
16.00
13.00

5.00

1.50

3.00

0.008

40.00

36.49
1000.00

Total

3253.25
100

%

mass
33.5
20.5
9.5
)
20
1.6
13
0.5
0.15
0.3
0.0008

3.649
100

Protein
g/kg
46.57

0

7.70
30.35
96.6

181.38

Protein
18.14
725.53
22.30
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Fat
g/kg
8.89 6.03
205 0
65.74 3.04
12.74 11
51 18
0 0
0 0
0 0

0.6946 0.032
0.7844  0.0363

0 0

0 40

0 0
52.04

CHO Fat

51.48 5.20

2059.38  468.35
63.30 14.40



Table 3.3. Mixed model results for competitive ability, reproduction and mass.

GLMM with binomial distribution and logit link
(Intercept at week 0)

Male Competitive
Ability

Random effects
Population (Intercept)
Fixed effects

Intercept

Diet (Sucrose)

Time

Diet (Sucrose)*Time
Female Reproduction

Random effects
Population (Intercept)
Population (Slope)
Fixed effects
Intercept

Diet (Sucrose)

Time

Diet (Sucrose)*Time
Male Reproduction

Random effects
Population (Intercept)
Population (Slope)
Fixed effects
Intercept

Diet (Sucrose)

Time

Diet (Sucrose)*Time
Mass

Random effects
Individual (Intercept)
Individual (Slope)
Population (Intercept)
Fixed effects
Intercept

Diet (Sucrose)

Sex (Male)

Time

Diet (Sucrose)*Sex (Male)

Diet (Sucrose)*Time
Sex (Male)* Time

Variance
0.0518
Estimate
-0.4219
-0.2840
-0.0183
0.0063

Std. Deviation

0.2276

Std. Error Zvalue Pr~n)
0.2277 -1.853 0.0639
0.2916 -0.974 0.3302
0.0138 -1.328 0.1840
0.0194 0.322  0.7476

GLMM with 3oisson distribution and logarithmic link
(Intercept at week 8)

Variance
0.0657
0.0005
Estimate
2.8375
0.3392
0.0023
-0.0026

Std. Deviation

0.2563

0.0225

Std. Error Z value

0.1289 22.013 <0.0001***
0.0975 3.479 0.0005***
0.0105 0.218 0.8275
0.0064 -0.401 0.6883

GLMM with Poisson distribution and logarithmic link
(Intercept at week 8)

Variance
0.1678
0.0002
Estimate
2.2788
0.3324
0.0130
-0.0566

Std. Deviation

0.4096

0.0145

Std. Error Zvalue Pr~™)
0.1932 11.797  <0.0001***
0.1294 2.569 0.0102*
0.0086 1.503 0.1329
0.0094 -5.986  <0.0001***

LMM (Intercept at week 0)

Variance
9.1022
0.0012
0.1403
Estimate
22.0016
-1.0471
1.9302
0.2155
0.5450
0.0140
-0.2079

Std. Deviation

3.0170

0.0343

0.3745

Std. Error tvalue (W>2)
0.5371 40.96 Yes
0.7135 -1.47 No
0.8395 2.30 Yes
0.0220 9.78 Yes
1.1288 0.48 No
0.0210 0.67 No
0.0234 -8.90 Yes

* Indicates a p value < 0.05., **< 0.01, ***< 0.001.
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CHAPTER 4

ORGANISMAL PERFORMANCE ASSESSMENT OF AMINE-
TERMINATED G7 PAMAM DENDRIMERS SUPPORTS

THRESHOLD MODEL OF TOXICITY

Abstract

Engineered nanomaterials and their possible applications are rapidly multiplying
and safety assessment of these compounds is failing to keep pace. One possible solution
is determining if certain physicochemical properties influence toxicity in predictable
ways. If so, toxicity could be predicted from structure and safety assessment could keep
up with engineering advances. Here we use Organismal Performance Assays (OPAS) to
determine if exposure to 3mg/kg amine-terminated G7 PAMAM dendrimers decreases
mouse health and performance in a seminatural environment. This dose is the calculated
maximum tolerated dose based on lethality due to blood coagulation at doses exceeding
10mg/kg. Within OPAs animals exposed to dendrimers did not experience increased
mortality or decreased reproduction and exposed males exhibited significantly greater
competitive ability and possessed 2.88 times more territories than control males. These
OPA results suggest that an acute exposure of 3mg/kg amine-terminated G7 PAMAM

dendrimers does not produce adverse mammalian health outcomes and that at levels
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below those causing blood coagulation no other toxic mechanisms are associated with

exposure, at least as detectable with OPAs.

Introduction

The volume of engineered nanomaterials and their possible applications have
grown rapidly and though many benefits will come from this innovation, safety
assessment is failing to keep pace. One possible solution is discovering if certain
physicochemical properties (e.g., shape, size, surface area, and charge) influence toxicity
is predictable ways. If toxicity could be predicted from structure, then safety assessment
could keep up with advances in material science; but in order to insure accurate
predictions we must have broad, sensitive and functional assays able to detect toxicity at
the organismal level.

Size, surface properties and geometry of nanoparticles influence toxicity.
Nanoparticles smaller than 20nm can transit through blood vessel walls or cross the blood
brain barrier (1-3), while even smaller sized nanoparticles (~5nm) can be taken up by
cells (4). In the cases described above, smaller nanoparticles are more toxic to cells than
larger ones, but surface area is also highly important in regards to toxicity, with
increasing surface area causing increased toxicity (5, 6). Modification of a nanoparticle’s
surface allows the binding of a variety of chemical, molecular and biological entities.
Such manipulation can alter material properties concerning aggregation and solubility,
and subsequently cellular transport and toxicity. For example, attachment of hydrophilic
polymers, such as polyethylene glycol, to the surface of nanomaterials greatly increases
solubility and the evasion of the reticuloendothelial system (4, 7). Particle charge also

influences toxicity and the ability to traverse biological barriers (2, 8, 9), with cationic
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particles being significantly more toxic than their anionic and neutral counterparts (10,
11).

Polyamidoamine (PAMAM) dendrimers are characterized by a unique tree-like
branching architecture and a compact spherical shape in solution (12-14). The
polydispersity values of PAMAM dendrimers range from ~ 1.000 - 1.005 verified by gel
electrophoresis and mass spectrometry (15). Surface groups of PAMAM dendrimers can
be cationic (e.g., amine terminated), anionic (e.g., carboxyl terminated) or neutral (e.g.,
hydroxyl). The high concentration of surface functionality and ability to manipulate this
functionality through simple organic reactions has led to several applications of
dendrimers in the coating of materials, electronics, and superconductors (16), as well as
in drug delivery, bioseparation and diagnostic imaging (17, 18).The unique spherical
shape, monodispersity and ability to incrementally increase size and number of surface
functional groups make these structures suitable candidates for evaluating the influence
of these physicochemical properties on their toxicity. Over the years Ghandehari and
coworkers have demonstrated that cytotoxicity, cellular transport, and subcellular fate of
PAMAM dendrimers can be modulated by controlling their size and surface properties
(11, 19).

Here, we specifically assess the toxicity of amine-terminated generation seven
(G7) PAMAM dendrimers at a dose of 3mg/kg body mass using organismal performance
assays (OPAs). This dose is considered the current maximum tolerated dose (MTD) and
is based on the observation that doses exceeding 10 mg/kg are lethal in mice, due to the
aggregation of the particles and the resulting coagulation of blood (20). OPA assessment

will determine if toxicity is present at the current MTD and, if present, will indicate that
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the dendrimers may be promoting toxicity via an alternative mechanism as induced
coagulation at this dose was not detected previously (20).

OPA:s are defined as sensitive phenotyping approaches that use seminatural
conditions to challenge the physiological performance of differentially treated animals
(i.e., treatment and control) in direct competition with each other. The relative success of
individuals in each group can be compared for any fitness measures allowing detection
and quantification of any reduced performance due to treatment. Though the OPA
moniker has only recently been derived, the technique has been previously used to detect
mating preferences due to major histocompatibility genes, quantify adverse consequences
associated with cousin and sibling-level inbreeding, and the selfish genetic element
known as the t complex (21-24). In all cases OPAs detected and quantified substantial
health impacts that had been missed by previous studies that assessed animals utilizing

standard laboratory methodologies.

Methods

Animals

Outbred, wild-derived house mice (Mus musculus) were used in this study, as
many laboratory strains do not possess the natural and functional behaviors required for
OPA assessment (25). Individuals in this study were from the 12th generation of the
colony originally described by Meagher et al. (23). Consanguinity was assessed during
the 11th generation and found to be comparable to wild populations (26). Before animals
were released into OPA enclosures they were housed according to standard protocols

under a 12:12h light:dark cycle with food and water available ad libitum. All protocols
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were approved by and conducted under the animal care guidelines of the IACUC at the

University of Utah.

Dendrimer exposure

Exposure to dendrimers occurred intravenously through tail vein injection the day
of OPA release. The dendrimers were constructed in the Ghandehari laboratory at the
University of Utah and were suspended in sterile saline. Animals were weighed prior to
injection and dosed at a level of 3mg/kg body mass. Control animals were handled in an

identical matter except they were injected with only sterile saline.

OPA enclosures

Indoor OPA enclosures measure about 5m by 7m (35m2), and each pen is
subdivided into six subsections by hardware cloth, which provides spatial complexity.
Each subsection has food and water that is associated with a set of nest boxes in either
one of four “optimal” territories, which contain nest boxes in enclosed structures or two
“suboptimal” territories with nest boxes in the open. Optimal nesting structures were
made of covered, opaque plastic storage bins (75L) with 5cm diameter entryways and
contained four standard mouse cages (also with 5cm entryways), bedding and food. The
suboptimal nest boxes made of plastic planter boxes (61cm long by 15cm wide by 19cm
high) fitted with chicken-wire lids and 5cm circular entryways; food containers and one
gallon poultry waterers were adjacent to these nest boxes and both provided ad libitum
resource access. Together, the hardware fences and the two types of nest boxes created
environmental complexity in which mice established nesting sites, territorial boundaries,

and social hierarchies. OPA enclosures mimic habitat and social environments
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experienced by mice in nature, and the population density is representative of
measurements from wild populations (27).

To assess impacts of amine-terminated G7 PAMAM dendrimer exposure at a
dose of 3mg/kg on survival, competitive ability and reproduction, two OPA populations
were founded by 10 males, and either 20 or 18 females, for a total of 58 individuals.
Equal numbers of treatment and control animals were represented in each sex within both
populations. No male individual was related at the cousin level or above to any other
individual (male or female) within a given population. Relatedness between female
founders was also avoided, though in each population a single pair of sisters was
included, with one sister belonging to the treatment group and the other belonging to the
control group. Mean age of founders was 18.44 + 4.35 (M = S.D.) weeks for males and

17.32 + 4.55 weeks for females. Populations ran for a total of 18 weeks.

Survivorship

Survivorship of population founders was determined by periodic checks in each
enclosure. Dead founders were identified by their PIT-tag ID or personalized ear punches
and removed from enclosures. Date of death was estimated based on three factors: date of
last check, the last date an animal was recorded at a feeding station and the condition of

the corpse.

Reproductive success
Samples to determine the reproductive success of founders were gathered during
“pup sweeps” in which pups born during the previous cycle were removed from the

population, sacrificed and had tissue samples taken for genetic analysis. The first sweep
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occurred during week eight and the second six weeks later. This schedule prevented
offspring born in the enclosures from breeding. A total of 260 individual samples were
collected between the populations.

Population level reproductive success was determined for treatment and control
groups as described previously (23). Briefly, in each competition enclosure founders of
each treatment group were chosen based on non-overlapping allelic assignments on the
mitochondrial genome and Y-chromosome. Allelic assignments were reversed across
populations to avoid possible confounding effects of allele types. In total we obtained 239
(91.9% of total) mitochondrial and 116 (89.2% of total assuming a 1:1 sex ratio) Y-

chromosome genotypes.

Male competitive ability

One week prior to entrance each founder was implanted with a unique passive
integrated transponder (PIT) tag (TX1400ST, BioMark, Boise ID). Individuals were
monitored until release and no redness, swelling or noticeable infection around the
injection site was detected. A set of PIT antennae and readers (FS2001F-1SO, BioMark,
Boise ID) were rotated between the populations throughout the study, placed at each of
the optimal and suboptimal feeders, and data were streamed to a computer equipped with
data-logging software (Minimon, Culver City, CA). Male social dominance was assigned
when a male had >75% of the PIT-tag reads at a single location over the course of a
multi-day reader session, and territories were designated as controlled by a treatment or
control male based on the exposure status of the male controlling them. Female data were
collected, but results are not reported here as not enough is known about female

dominance behavior to use it as a measure of performance.
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Body mass
Body mass was assessed in the 58 animals that founded the OPA populations at
both the time they were released into populations and at the first pup sweep occurring

eight weeks later.

Statistical methods

Survival. Survivorship of the 58 founders was analyzed by Cox proportional
hazard models with male and female animals assessed separately due to vastly different
mortality rates. Day one was defined as when animals entered OPA enclosures and is
different by a week for males and females (see above). In the male data set there were 6
events and 14 censorings while in the female data no mortality was observed so data were
not analyzed.

Male competitive ability. To assess the main effects of diet and time (and a time
by diet interaction) on male competitive ability, we used a generalized linear mixed
model (GLMM) to predict the probability of ownership. As a territory can only be
defended or not, we used a binomial distribution with a logit link to estimate probability
of ownership (defense). The numbers of territories controlled within populations by the
treatment or control group was assessed at multiple time points throughout the study for a
total of 58 observations. The intercept was set at the time of OPA entrance, week zero.
The number of territories in each population is constant at six and territories were
occupied (by a mouse of either diet) or undefended. Time, diet and their interaction were
treated as fixed effects and population was modeled as a random effect with a random

intercept calculated for each.



Reproduction. Reproduction data were assessed using a Chi-square test with a
Yates' correction on the total reproductive output of the populations combined. The
number of expected events was determined by dividing the total number of offspring
successfully genotyped by two. Male and female data were analyzed separately as they
were ascertained with different genetic markers. Though the underlying assumption of
each event (offspring) being independent may have been violated, this approach is used
by other researchers using seminatural populations of mice to assess reproductive success
(28).

Mass. A two-way analysis of variance (ANOVA) was used to assess the effects of
exposure and time, as well as their interaction on the mass of the 58 population founders.
Male and female masss were assessed separately as sexual mass dimorphism is present in
our population (Chapter 3). All founders were weighed at the time of release and
surviving animals were weighed again at the first pup sweep for a total of 103
observations.

Mixed-effects models were fitin R (29) using the glmer functions of the Ime4
library. For mixed-effects models several candidate models for the random effects terms
were fit to the data including models estimating both intercept and/or slope for random
effects. In all cases the model that explained at least some of the variance with random
effects and had the lowest AIC score was selected. Neither the significance of any
reported fixed effect nor the magnitude of the effect differed between models. Estimates
(and significance) were consistent with those obtained when we ignored either the nested
structure and repeated measurements of individuals within populations or repeated

measurements of individuals or populations. Proportional hazard models were performed



in JMP 9.0.3 (SAS institute Inc., Cary NC) and two-way ANOVAs and Yates’ corrected
Chi-square test with Prism 5.03 (Graphpad Software Inc, La Jolla CA). All a values are

0.05 and all tests were two-tailed.

Results

No relationship between male survival and dendrimer exposure was detected
(Proportional Hazards; x2= 1.8633, P = 0.1722) (Fig. 4.1). Likewise, survival did not
differ between the two populations (Proportional Hazards; x2 = 2.6845, P = 0.1013) nor
did the impact of diet differ between populations (Proportional Hazards; x2= 2.5874, P =
0.1077). Female survival was not assessed statistically as no females died within
enclosures.

Male competitive ability was significantly impacted by treatment, with dendrimer
exposed males controlling 2.88 times more territories than control males throughout the
study (Fig. 4.2) At the intercept (week zero) control males possessed only 15.0% of
territories, while treatment males controlled 43.0%, leaving 42% undefended; this
difference was found to be significant (GLMM; Z = 2.974, P = 0.0029). Time positively
impacted territorial acquisition (GLMM; Z = 0.0876, P = 0.0052) and there was no
differential effect of time by treatment (GLMM; Z = -1.375, P = 0.1690). For a summary
of GLMM results see Table 4.1.

Females exposed to dendrimers had 17.6% fewer offspring than controls, but this
difference was not significant (Chi-square with Yates' correction; X2 = 0.927, P = 0.3356).
In total, treatment females had 108 offspring and control females had 131 offspring (Fig

4.3a). Likewise, no significant difference was seen in regards to male reproduction (Chi-



square with Yates' correction; %2= 0.2764, P = 0.5991). Treatment males sired 63 male
offspring and control males had 53 male offspring (Fig 4.3b).

Dendrimer exposed female mice did not lose mass or gain less mass than control
females (Fig. 4.4a). Mass at the time of injection and OPA entrance for treatment females
were 15.16 £ 0.54g and control animals were 14.69 + 0.52¢; after the first sweep eight
weeks later treatment females measured 26.03 + 1.00g and controls 25.09 = 0.65g.
Overall no significant effect of dendrimer exposure on mass was detected (ANOVA; F
166= 1.118, P = 0.2941). The mass of all females did significantly increase from entrance
to the first sweep (ANOVA; F 16= 224.6, P < 0.0001), though there was no interaction
between exposure and time (ANOVA; F 16= 0.1535, P = 0.6964).

Like their female counterparts the mass of male mice was not impacted by
exposure (Fig. 4.4b). Male masses at injection and OPA entrance were 18.46 + 0.74g for
treatment individuals and 19.17 + 0.80g for controls; after the first sweep eight weeks
later treatment males measured 23.81 + 0.69g and controls 24.18 + 0.97g. Overall no
significant effect of dendrimer exposure on mass was detected (ANOVA; F 120= 0.4195,
P = 0.5223). The mass of all males did significantly increase from entrance to the first
sweep (ANOVA; F 19= 38.80, P < 0.0001), though there was no interaction between

exposure and time (ANOVA; F 120=0.0424, P = 0.8383).

Discussion

Exposure to 3/mg/kg of amine-terminated G7 PAMAM dendrimers did not
negatively impact the mass, survival or reproductive output of mice in OPAs relative to
controls. Furthermore, exposure may have enhanced male competitive ability. Though

the scope of this OPA assessment was small compared to previous studies, two instead of
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six replicate populations, the fact that all OPA metrics were negative is strong evidence
that a single exposure to these dendrimers does not negatively impact the health and
performance of house mice. In fact, the increased competitive ability of males that
received the dendrimers is curious and warrants further study, though this effect may be
significant in regards to these two OPA populations the extrapolation of this result to
other populations would benefit from an increased sample size.

This OPA assessment represents the first case where a treatment assessed by this
technique has not been found to reduce health and performance. In the three previously
published studies and the two assessments of dietary fructose, at least one OPA endpoint
measure (competitive ability, reproduction and survival) for one sex or the other has been
adversely impacted by treatment (22-24)(Chapters 2 & 3). Though one can never prove a
substance to be 100% safe we believe that powerful evidence is provided when OPAs fail
to detect adversity, indicating that a substance is not likely to cause harm to mouse
(mammalian) health.

As amine-terminated G7 PAMAM dendrimers have been shown to be lethal at
acute doses exceeding 10 mg/kg, our observations that 3/mg/kg does not adversely
impact health supports a threshold model of toxicity (20). Specifically, as the coagulation
of the blood is the suspected toxic mechanism at lethal doses, it seems that if a given dose
is not sufficient to initiate coagulation then no adverse response occurs, thus creating a
binomial situation where the outcomes are either no harm or death. Though this may be
the case for acute toxicity it is possible that chronic exposure or exposure at a critical
time point during development may have different consequences; we therefore caution

that our results are only to be interpreted in the context of a one-time exposure.
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Fortunately, as a primary use for these dendrimers is as drug delivery compounds one-
time injections may be a relevant form of exposure; however, to understand the outcomes
to of chronic exposure that may impact material manufacturers and other groups more
research is needed.

Safety assessment of engineered nanomaterials is a growing area of toxicology.
As the number of engineered nanomaterials grows, and their applications multiply, many
calls have been made for adequate safety assessment (30, 31). To keep up with the
current pace of innovation many approaches have focused on high throughput in vitro
techniques (32). However, we argue that in vivo testing must be used to “ground” in vitro
results, and that the crucial role played by an organism’s natural environment in the

expression of disease phenotypes must not be ignored.
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Figure 4.1. Survival of treatment and control males. Dendrimer exposure did not
impact survival of male animals (Proportional Hazards; %2= 1.8633, P =0.1722). Female

data are not shown, as there was no female mortality.
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Figure 4.2. Male competitive ability over time. Dendrimer treated males controlled
2.88 times more territories throughout the study (GLMM; Z = 2.974, P =0.0029). Lines
are smoothed representations of mean territoriality over time. Boxes/Circles represent the

data points that inform the line.
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Figure 4.3. Reproduction of treatment and control animals by sex. Dendrimer
exposure did not significantly impact female reproduction a, (Chi-square with Yates'
correction; %2= 0.927, P = 0.3356). b, Likewise, no significant difference was seen in
regards to male reproduction (Chi-square with Yates' correction; X2= 0.2764, P =
0.5991).
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Figure 4.4. Mass of OPA founders at entrance and eight weeks later by sex.
Dendrimer exposure did not significantly impact female (ANOVA; F 16= 1.118, P =
0.2941) a, or male (ANOVA; F 129=0.4195, P = 0.5223) b, mass. For both sexes mass
did significantly increase with time (ANOVA; F 16=224.6, P < 0.0001), (ANOVA; F
129= 38.80, P < 0.0001).
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Table 4.1. Summary of mixed model results for competitive ability.

Male Competitive ability =~ GLMM with binomial distribution and logit link
(Intercept at week 0)

Random effects Variance Std. Deviation

Population (Intercept) 0.0000 0.0000

Fixed effects Estimate Std. Error Z value

Intercept -1.7381 0.3833 -4.534 <0.0001***
Treatment 1.4574 0.4901 2.974 0.0029**
Time 0.0876 0.0313 2.794 0.0052**
Treatment*Time -0.0568 0.0413 -1.375 0.1690

* Indicates a P value < 0.05, **< 0.01, ***< 0.001.



CHAPTER S5

MHC SIGNALING DURING SOCIAL COMMUNICATION

Reprinted with gracious permission from Selfand Non-self (ed. Lopez-Larrea C.), 2012,
pp 290-313, “MHC signaling during social communication,” Ruff J.S., Nelson A.C.,
Kubinak J.L., and Potts W.K, Landes Bioscience and Springer Science, Austin, TX, ©

2012.



CHAPTER 17

MHC SIGNALING DURING
SOCIAL COMMUNICATION

James S. Ruff,f* Adam C. Nelson,f Jason L. Kubinak
and Wayne K. Potts

Department o fBiology, University ofUtah, SaltLake City, Utah, USA
fThese authors contributed equally to this manuscript
*Corresponding Author: James S. Ruf—Email:j.ruf@ utah.edu

Abstract:

The major histocompatibility complex (MHC) has been known to play a critical role
in immune recognition since the 1950s. It was a surprise, then, in the 1970s when
the first report appeared indicating MHC might also function in social signaling.
Since this seminal discovery, MHC signaling has been found throughout vertebrates
and its known functions have expanded beyond mate choice to include a suite of
behaviors from kin-biased cooperation, parent-progeny recognition to pregnancy
block. The widespread occurrence ofMHC in social signaling has revealed conserved
behavioral-genetic mechanisms that span vertebrates and includes humans. The
identity of the signal’s chemical constituents and the receptors responsible for the
perception of the signal have remained elusive, but recent advances have enabled
the identification of the key components of the behavioral circuit. In this chapter
we organize recent findings from the literature and discuss them in relation to four
nonmutually exclusive models wherein MHC functions asa signal of (i) individuality,
(ii) relatedness, (iii) genetic compatibility and (iv) quality. We also synthesize
current mechanistic studies, showing how knowledge about the molecular basis of
MHC signaling can lead to elegant and informative experimental manipulations.
Finally, we discuss current evidence relating to the primordial functions of the
MHC, including the possibility that its role in social signaling may be ancestral to
its central role in adaptive immunity.

SelfandNonself, edited by Carlos Lopez-Larrea.
©2012 Landes Bioscience and Springer Science+Business Media.
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MHC SIGNALING DURING SOCIAL COMMUNICATION 291
INTRODUCTION

MHC (also known as HLA in humans and H-2 in mice) signaling mediates both
immune recognition during the adaptive immune response (discussed in the previous
chapter) and social signaling that enhances both the recognition of optimal mates and
kin-biased behaviors.1Social signaling meditated by the MHC was first discovered in
regards to mate preferences in laboratory mice (Mus musculus),2a full three decades
after the histocompatibility functions were described by George Snell.3Thirty years later,
social signaling viaMHC has been described throughout vertebrates including mammals,
birds, reptiles, amphibians and teleost fish (see Table 1). MHC social signaling has been
identified in over 20 species of vertebrates and is likely the basis for a vertebrate-wide
chemosensory communication system. The original observation of MHC disassortative
mating preferences seems to be common, but not omnipresent in vertebrates;4 it by
no means is the only behavior facilitated by MHC, nor is it the only type of observed
MHC-based mate preference. MHC signaling also facilitates cooperative behavior with
kin, parent-progeny recognition and pregnancy block. In the following sections we will
present the current evidence for MHC as a signal of relatedness, individuality, genetic
compatibility and quality. MHC-mediated behaviors are diverse and though general
patterns exist within vertebrates, the exact function of MHC-based social signaling will
be species specific and highly context dependant.

SIGNALING OF MHC GENOTYPE: MOLECULAR MECHANISMS

For three decades after the discovery of MHC-mediated social singling in laboratory
mice,2the actual mechanism ofhowMHC genotype was perceived in conspecificsremained
a mystery. Early on it was discovered that MHC genotype could be discriminated by
chemical cues detected by the olfactory system. These studies showed that mice could
discriminate MHC odortypes either through training5 or in the absence of training.6
However, the nature of the signaling odorants remained elusive. This mystery was at
least partially solved by the discovery that peptides known to bind MHC molecules also
bound receptors in the vomeronasal organ (VNO).7 It was later shown that a similar
process was working in the main olfactory epithelium (MOE).8

The critical role of MHC-presented peptides during adaptive immune recognition is
well established.9MHC-bound peptides are presented at the cell surface for interrogation
by T cells; when the peptides are of foreign origin (e.g., from a pathogen) an immune
response is initiated. The majority of MHC alleles encode unique structural aspects of
the peptide binding region ofthe molecule and these variants provide great specificity in
the peptides they present. Because there is physical correspondence between MHC allelic
variants and the anchor positions of the amino acid sequence of their bound peptides, it
was hypothesized that MHC peptides could serve as ligands for odorant receptors that
had similar binding specificity, thus allowing information about MHC genotype to be
conveyed. Physiological recordings from vomeronasal sensory neurons (VSNs) stimulated
with synthetic peptides proved this to be the case.7
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Table 1. Summary of studies investigating MHC-genotype signaling in social communication R

Species
Mammals
House Mice (Mus ntusculus)

Bank voles (Clethriononiys
glareolus)

Malagasy giantjumping rat
(Hypogeontys antimena)
Humans (Homo sapiens)

Mandrill (MandriUus sphinx)
Fat-tailed dwarf lemur (Cheiro-
galeus medius)

Grey mouse lemur (Microcebus
murinus)

Domestic sheep (Ovis dries)
Birds

Savannah sparrows (Passerctihis
sandwichensis)

House Sparrow (Passer domes-
ticus)

Seychelles warbler (Acrocepha-
his sechellensis)

Great reed warbler (Acrosepha-
his arundinaceus)

Red jungle Fowl (Galius gallus)
Peafowel (Perm cristatus)

MHC-Based Mate Preference

MHC disassortative

MHC disassortative

MHC assortative

MHC disassortative

MHC disassortative

MHC supertype-disassorta-
tive and maximal diversity
MHC disassortative (cryptic)
No MHC preference

MHC disassortative

MHC assortative and optimal
diversity

MCH maximal diversity

No MHC preference

MHC disassortative (cryptic)
MHC maximal diversity

(cryptic)

MHC-Mediated
Cooperative Behavior

Female Communal
Nesting

Unknown
Unknown

Unknown

Unknown
Unknown

Unknown

Unknown
Unknown

Unknown

Unknown
Unknown

Phenotype
Matching System

Familial
imprinting
Unknown
Unknown

Unknown

Unknown
Unknown

Unknown

Unknown

Unknown

Unknown

Sources

Yamazaki et al 1976,2 1988,
2007;2Manning et al 1992;2
Radwan et al 20083

Sommer 20052

Wedekind et al 1995;5Havlicek
and Roberts 20085

Setchell et al 200927
Schwensow et al 200828
Schwensow et al 20082
Paterson and Pemberton 19973
Freeman-Galant et al 20033
Bonneaud et al 20062
Richardson et al 20053

H. Westerdahl 200434

Gillingham et al 20093
Hale et al 2009%

(continued on nextpage)
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Species

Reptiles

Sand lizards (Lacerta agilis)
Tuatara (Sphenodon punctatus)

Amphibians

African clawed Frog (Xenopus
laevis)

Tiger Salamanders (Ambystoma
tigrinum)

Fish

Zebrafish (Dcmio rerio)

Three-spined stickleback (Gas-
terosteus aculeatus)

Atlantic Salmon (Salmo salar)

Chinook salmon (Oncorhynchus
tshawytscha)
Arctic Char (Salvelinus alpimts)

Brown Trout (Salmo truttal)

Brook Trout (Salvelinusfonti-
nalis)

Whitefish (Coregonus sp.)

MHC-Based Mate Preference

MHC disassortative
MHC disassortative

Unknown

MHC assortative

Unknown

Optimal MHC diversity

MHC disassortative
MHC disassortative

Unknown
Optimal MHC diversity
Unknown

No MHC preference (cryptic)

Table 1. Continued

MHC-Mediated
Cooperative Behavior

Unknown

Kin avoidance during
territory acquisition

Tadpole schooling

Unknown

Unknown but kin
groups grow faster
than non kin groups
Unknown

Schooling with kin
Unknown

Schooling with kin
Unknown
Schooling with kin

Phenotype
Matching System

Unknown
Unknown

Selfreference

Unknown
Familial imprint-
ing

Selfreference

Selfreference
Unknown

Selfreference
Selfreference
Selfreference

Sources

Olsson et al 2003%
Miller et al 200938

Villinger and Waldman 20083

Bos et al 200940

Gerlach et al 20074Land 20084

Aeschlimann et al 2003;48
Reusch et al 2001;4 Milinski
200656

Rajakaruna et al 2006;46
Consuegra and de Leaniz 200847
Neffetal 20088

Olsen et al 200248
Forsberg et al 20079
Rajakaruna et al 200646

Wedekind et al 20045L

Sources are limited to first reports and reviews. Blank boxes indicate no finding would be expected given the observed result.
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294 SELF AND NONSELF
Detection of Peptides in the Olfactory System

The olfactory system of mammals is anatomically divided into two regions: the main
olfactory epithelia (MOE) and the vomeronasal organ (VNO). Traditionally these two
organs were viewed as functioning in largely non-overlapping modalities with the VNO
being specialized for detection ofnonvolatile small molecules and proteins that typically
signaled the sexual and social status of conspecifics (pheromones), while the MOE was
thought to specialize as a general detection system for volatile substances.

The initial experiments to determine ifthe olfactory system was capable of detecting
peptideswere conducted inthe VNO ofmice. Leinders-Zufall and coworkers (2004) tested
the hypothesis that dissociated MHC class | peptides could be detected in the VNO Two
peptides known to be presented either by the H-2Dbhaplotype (AAPDNRETF) or H-2Kd
haplotype (SYFPEITHI) were synthesized. These peptides were applied individually to
ex-vivo preparations of mouse VNO. Both peptides activated a relatively specific subset
of V2R-positive neurons in the basal zone ofthe VNO as revealed by extracellular field
potential recordings and fluorescence imaging. The VSNs responded with high sensitivity
at concentrations down to 10-12V.

As predicted by the hypothesis that peptides can signal MHC genotype, the peptide
binding by the VSNs responded in an MHC allele-specific manner. Not only was the
VSN response specific to the amino acid sequence of each peptide, but the pattern of
specificity mimicked the binding properties of MHC molecules. Amino acid substitutions
(underlined) at non-anchor positions (e.g., SYIPSAEKI) usually continued to stimulate
the same neurons. In contrast, substitution of peptide anchor residues (underlined) with
alanine (e.g., AAPDARETA or SAFPEITHA) abolished stimulation of these neurons.
These VSN binding properties provide a neurophysiological basis for identifying the
MHC genotype of individuals, because peptides are reverse-image “molds” of the
antigen-binding site of MHC molecules. Thus, sensory receptors that detect peptides
in an MHC-like fashion could in principle function as an MHC genotyping system.D
These results point to the structural importance of peptide anchor residues in binding
VSN receptors and, given the similar binding properties of MHC molecules, reveal the
convergent ligand-binding properties of these unrelated molecules.

The same lab group applied the same hypotheses to the MOE sensory neurons,
traditionally viewed as generalist receptors of volatile chemosignals.8 Contrary to
conventional wisdom, they discovered thatnonvolatile, fluorescenttagged MHC peptides
gain access to the MOE without direct nasal contact to the peptide containing fluid.
Most importantly, these peptides activated neurons at subnanomolar concentrations in
an allele specific fashion, similar to the patterns found in the VNO. There are, however,
some important physiological differences in peptide detection between the two olfactory
organs.IlFirst, a differenttransduction mechanism isused in the MOE during recognition
ofpeptides.2Second, when anchorresidues are substitutedwith alanine (eg. AAPDARETA
and SAFPEITHA), olfactory sensory neurons (OSNSs) cease firing at normal stimulation
concentrations, butfiring resumes athigher concentrations. Third, MOE-dependentpeptide
recognition does not induce pregnancy block,13 despite normal MHC odor (mating)
preferences. These experiments show that discrimination of MHC genotype by the two
olfactory systems is achieved with separate neurological, physiological and behavioral
response pathways.

If peptides are the odorants that allow MHC genotype to be discriminated, then
experimental manipulation of peptides should alter behavioral responses in a fashion
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consistent with MHC-mediated behaviors. The findings that the MOE and the VNO can
detect peptides in an MHC-like fashion stimulated research confirming that both mouse
and stickleback fish (Gasterosteus aculeatus) behavior is manipulated by the addition of
peptides. The experimental addition of peptides to an MHC similar odor source causes
animals to respond as if it were an MHC dissimilar odor source for both mating- and
odor-preferences84 and pregnancy block.7

Signaling of MHC Genotype without Peptides

Due to the general nonvolatility of peptides,15l6the question has remained whether
peptides can explainall ofthe observed MHC-mediated behavioral patterns. This question
was recently addressed by experimentally removing all of the peptide components from
the urine oftwo MHC-congenic strains ofmice. Mice thathad beentrained to discriminate
between the urine odors of these two strains could continue to discriminate using the
peptide-free urine.I7 These results suggest that nonpeptide volatile odorants also provide
signals conveying MHC genotype information. However, odor-training experiments
can introduce confounding behavioral artifactsl8and this result should be confirmed in
a paradigm that does not use training. If these results are confirmed, making yet a third
independent mechanism for identifying MHC genotype, it underscores the functional
importance of this olfactory ability and the importance of the associated behavioral
responses.

Though ithas been shown that peptides signal MHC genotype in mammals (mice) and
fish (sticklebacks), the utilization ofpeptides in other vertebrates isundocumented. Ithasbeen
questioned weather olfaction can explain MHC-mediated behavior in birds whose olfactory
prowess has long been questioned.9No other mechanisms have been as thoroughly tested
as peptide and volatile olfaction signaling of MHC genotype and more work is needed to
test whether these mechanisms drive MHC mediated behavior in other taxa.

MHC AS A SIGNAL IN INDIVIDUAL RECOGNITION

Individual recognition is an important component of social behavior. Traits that
specifically signal individual identity are predicted to be genetically determined, highly
variable, cheap to produce (i.e., not condition-dependent) and signal variants are expected
to have equal fitness at equilibrium (reviewed in Tibbetts and Dale 2007 ref. 52). MHC is
an ideal candidate gene for understanding the mechanistic bases ofindividual recognition
because itisagenetically determinedtraitassociated with social behavior and is extremely
variable (there are 1090MHC phenotypesinmice5). MHC was hypothesized to contribute to
individual recognition as early as 1975.54Since then, the concept ofindividual recognition
has been invoked in many studies addressing MHC-associated cues in social signaling
(e.g., ref. 17). However, many authors tacitly use different definitions of this term and
do not distinguish between individual recognition in the strict sense®and other forms of
social recognition, whichcaninclude discrimination offamiliar vs unfamiliar conspecifics,
kin vs nonkin, same-genotype vs different-genotype and genetically compatible vs
incompatible mates. We define individual recognition as being characterized by individual
specificity in three elements of social communication: signaling; signal perception and
template matching by the signal receiver; and a functional response by the receiver.%
This definition includes any case where receivers have atemplate of a specific individual
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based on a learned signal and differs from kin-recognition where the template is based on
phenotype matching (see below). Here, we review studies that have soughtto characterize
individual-specific MHC odortypes, which have mainly focused on MHC-correlated
volatile profiles and their relation to pregnancy block and scent marking.

MHC congenic strains ofmice, which share the same background genome, but have
unique MHC haplotypes, areamodel system withwhichto understandbehavioral responses
to individuals of same- or different-haplotype at a single locus. One extrapolation from
studies demonstrating MHC haplotype-dependent behaviorZ7 in congenic strains is the
possibility that, in outbred populations where MHC allelic polymorphism is likely to
be very high, MHC phenotypes would be key mediators of individual recognition. For
example, it has long been understood that MHC congenic strains have unique volatile
organic compound signatures that are used in chemical communication.5More recently,
several groups have identified suites of volatile organic compounds that are regulated by
MHC odortypes.1516%As predicted by a model of individual recognition, some of these
suites are unaffected by environmental variation;57 furthermore, volatile profiles from
MHC congenic mice activate overlapping but distinct subsets of neurons in the mouse
main olfactory bulb.8BThe authors of such studies in congenic strains often conclude that
the physiological machinery is in place for volatile profiles to mediate individual-specific
behaviors (e.g., ref. 57). However, counter-part experiments using outbred wild mice ina
more ecologically realistic setting are lacking. Given that some genotypes will inevitably
be shared between individuals, more naturalistic work is needed to understand how these
volatile signatures function as signals of individuality (as defined above) or as signals
of relatedness or genotype.

Pregnancy Block

Pregnancy block, also known as the Bruce effect, occurs when recently mated female
laboratory mice are exposed to the odors of an unfamiliar male.®Upon exposure to an
unfamiliar male odor, prolactin release from the anterior pituitary in the mated female
is suppressed, resulting in pregnancy failure, reabsorption of the fetus and the onset of
estrus.@The signal responsible for pregnancy block is considered to be individual specific
because the unfamiliar male and the mate both express odors capable ofinducing pregnancy
block. Thus, females have to learn the identity of their mate (i.e., form a memory) in
order to suppress pregnancy block upon perception of the mate’s odors.

Pregnancy block can be induced by the presence of an unfamiliar male or simply his
soiled bedding or urine and direct physical contact with the odorant seems necessary.®
However, in at least one case volatiles alone (i.e., no direct contact) can induce pregnancy
block.6L The memory developed during pregnancy block is dependent on activation
of sensory neurons in the VNO; however, the specific chemical constituents that bind
receptors in these neurons have proven difficult to find. Three different classes of
molecules associated with individual odors have recently been investigated: MHC and
MHC peptides, majorurinary proteins (MUPs) and volatiles. Peele and colleagues recently
investigated the relative roles of MUPs and volatiles.® They found that low molecular
weight fractionations (which excludes MUPSs) from urine were more effective in blocking
pregnancy than those ofhigh molecular weight, suggesting a role of volatile compounds
inthe odor. However, the low molecular weight fraction from the unfamiliar male resulted
in only 50% pregnancy block, as opposed to 90% pregnancy block via unfamiliar male
whole urine. Moreover, a recent study called these findings into doubt by showing that,
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contrary to Hilda Bruce’s original finding, urine from castrated or juvenile males was
sufficient to induce pregnancy block. These results suggest that, although volatiles can
contribute to the occurrence of pregnancy block, they are not necessary to induce it.8

MHC-associated odors have also been shown to be sufficient to induce pregnancy
block in several studies, implicating it’s involvement during individual recognition.
These odors were originally observed to block pregnancy when unfamiliar males
differing only at the MHC could induce pregnancy block.6l Since then, searches for an
MHC-odortype mechanism have targeted MHC molecules themselves, MHC peptides
and possible associated volatiles. MHC peptides were the first specific odorant found to
induce pregnancy block7(see above).

The finding that sensory neurons in the VNO respond selectively to MHC peptides
was biologically validated by demonstrating the role ofpeptides in producing pregnancy
block.7As predicted, it was found that pregnancy block upon exposure to MHC peptides
fromanunfamiliar, MHC-dissimilar male was equally effective as exposure to whole urine
from anunfamiliar, MHC-dissimilarmale. In this case, the peptides had to be delivered on
a urinary background (regardless of whether the urine was from a familiar or unfamiliar
male). A more recent study, however, found that peptides alone (administered more
frequently than inref. 7) were sufficientto induce pregnancy block.8These studies show
thatthe suite ofpeptides presented by an individual’s MHC molecules can, when excreted
inurine, be used as odorants in chemical signaling. Because ofthe large diversity of MHC
haplotypes in a population, there is potential for individual specific odortypes simply
in excreted MHC peptides. Such odortypes are detectable by VSNs that have binding
specificity for these peptides similar to that of MHC molecules.7Where these peptide
signals originate, however, remainsto be found. Surprisingly, there is disagreementabout
whether peptides can be found in mouse urine.76064 Peptides have not been reported in
other mediums of chemical communication such as saliva, tears, or skin excretions, but
we are not aware of any directed searches for peptides in these secretions.

Although MHC peptides are clearly sufficient to induce pregnancy block in inbred
mice, it should be noted that the experiments described above do not demonstrate
individual recognition in a strict sense. Because peptides from an unfamiliar male with
the same MHC genotype as the female’s mate would notbe expected to induce pregnancy
block, MHC peptides in the context of pregnancy block might be more likely to signal
the presence of an unfamiliar male. 1f individuality is perceived during pregnancy block,
it would likely be conveyed via coupling with sensory neurons activated by the urinary
background and neurons in the VNO have been found to be capable of discriminating
individual mice ofthe same laboratory strain.64Finally, while pregnancy block provides
an attractive system in which to testhypotheses concerning social signaling and behavior,
the system is ultimately hindered by the fact that the adaptive significance of pregnancy
block, whichisonly observed in certain laboratory strains ofmice, hasnotbeen determined
for natural populations. It has been suggested that the Bruce effect functions to prevent
infanticide from males who have recently displaced the dominant, territorial male.46%

Scent-Marking

In addition to the MHC, growing evidence indicates that major urinary proteins
(MUPs) are another chemical signal critical to social communication and individual
recognition inmice. MUPsare protein pheromones encoded by apolymorphic, multi-gene
family. In a series of experiments, the laboratory of Jane Hurst has tested the relative
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roles of MUPs and MHC in individual recognition in mice using a scent-marking
behavioral paradigm. First, it was shown that wild-derived males presented with a
scent mark from another male expressing a different MUP-type will investigate and
counter-mark the marks significantly more than the control.& Second, it was shown
that scent-marks associated with MHC haplotype (in MHC-congenic strains) were
not necessary or sufficient to influence investigation time of male mice of congenic
MHC strains. Rather, investigation time was increased only when the stimulus odor
differed from the genomic background of the test animal.67 A third experiment tested
whetherwild female mice could discriminate between scentmarks from congenic males
whose MHC and MUP genotype were controlled. Results showed that females could
discriminate between individual males only when the males differed with respect to
MUP haplotype; females could not discriminate between individual males that had the
same MUP haplotype and could notdiscriminate between males that had different MHC
haplotypes.@8These three experiments indicate that, in the context of scent-marking and
countermarking, MUP genotype and not MHC genotype, is the greatest determinant
of individuality in urinary odors. However, it should be noted that in light of previous
research, itisanomalous thatthe mice inthese experiments did not discriminate between
urinary odors that differed with respect to MHC genotype.6/8 Previous studies have
documented the ability of either MHC-congenics (e.g., ref. 5) or wild-derived mice®
to distinguish urinary odors that only differed genetically at the MHC.

Because MUPs are likely to be polygenic, polymorphic signals only in a few rodent
species it is unlikely that the functions discovered in Mus will have generality across
vertebrates. The results from the Hurst group studies suggestthatthere are key differences
in signals that are conserved across taxa (e.g., MHC) and signals that are species-specific
(e.g., MUPs) for the identification of individual conspecifics.8 They also reveal the
curious finding that signals of individuality are limited to specific behavioral interactions.

Taken together, the individual recognition studies reviewed above show that MHC
may play an importantrole in individual recognition in certain instances (for example in
pregnancy block), but also indicate that they may not be used for individual recognition
in the strict sense. Many of the studies focusing on individual recognition and the MHC
have utilized congenic strains of mice, which provide a unique opportunity to study the
role of a single locus or haplotype in chemical communication. However, the use of
inbred stains ofanimals may limit our broader understanding ofbehavior and ecology, as
60 years of domestication has modified their behavior.0So, more studies will be needed
to determine the role of MHC in individual recognition in outbred populations; we know
of no such examples except for the aforementioned examples from the Hurst lab.

MHC AS A SIGNAL IN KIN RECOGNITION

Kin recognition using polymorphic genetic systems allows individuals to engage in
behaviors specific to kin or nonkin. An individual’s fitness is a product of both its own
reproductive success (i.e., directfitness) and the reproductionofclose relatives (i.e., indirect
fitness); thus, proper identification of kin facilitates cooperation (or at least decreased
antagonism) with relatives and promotes behaviors that increase fitness.7LAdditionally,
recognition of kin allows for the prevention of inbreeding, and therefore reduces the
homozygous expression of deleterious recessive alleles. In order for a genetic system to
be used accurately to recognize kin, itmust contain enough allelic polymorphism to allow
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discrimination between related and unrelated individuals. Kin recognition systems that
can discriminate among arange of different-degree relatives have been reported. ZMHC
is the most polymorphic genetic system in vertebrates4and has long been considered to
play arole in kin recognition by mediating cooperation,lparent-offspring identification?3
and mating preferences that prevent inbreeding.7

Two major phenotype matching mechanisms exist for MHC-based kin recognition
within vertebrates (Fig. 1). The firstis a self reference system in which individuals use
their own MHC odortype as a template to recognize other individuals as kin.3434649%)
The second is familial imprinting where individuals imprint upon the MHC odortypes
ofkin early in development and afterwards apply the learned MHC signals to unfamiliar
individuals.204275 The degree to which familial imprinting and self reference systems
identify kin differ remarkably (Fig. 1). Only familial imprinting systems can identify Kin
that do not share odortypes with a focal individual. However, the ability to recognize kin
that do not share odortypes also allows for the false recognition of unrelated individuals
as relatives; this could occur in mixed litters where odortypes produced by half siblings
are based on haplotypes from an unrelated individual. Both phenotype matching systems
can be used to identify kin through odortypes based on either specific MHC haplotypes
(both haplotypes providing a specific odor) or by odortypes based on a blended odor of
both haplotypes. For example self reference systems recognize either 25 or 75% of full
siblings depending on whether specific haplotypes are recognized or only the genotypic
odor of the blended haplotypes®(Fig. 1). Currently few studies have been conducted to
determine the specifics of phenotype matching systems used in nature and more research
is needed to determine the relative prevalence of familial imprinting vs self reference
systems and the nature of the odortypes (specific haplotypes or blended genotypes)
used. Interestingly, the two systems most described in nature are familial imprinting on
haplotypes and self reference based on blended genotype odors which are the best and
worst of the theorized kin recognition systems respectively (Fig. 1). Regardless of the
phenotype matching system used, kin recognition is likely one of the major functions
of MHC-mediated signaling and the very existence of familial imprinting is evidence
supporting this hypothesis because kin recognition is the only function that is enhanced
by familial imprinting; self reference will be superior for functions involving genetic
compatibility, individuality, or quality.®

Phenotype matching systems can identify more kinifmultiple polymorphic unlinked
loci are used, presuming a match at any locus is a signal of relatedness.7/ Though the
impact of multiple unlinked loci has minimal impact on familial imprinting systems it
has profound consequences on selfreference systems, where multiple loci dramatically
improve kinrecognition (Fig. 1). Within both teleost fishes and amphibians, taxa where
selfreference systems are common, the MHC is not inherited as a single unitbut rather
as two or four separate unlinked loci.78M Whether this is coincidence or represents
evidence that the inefficiency of self reference systems favors translocations that
breakup the MHC linkage group will await more phylogenetic data. Within both teleost
fishes and amphibians it has been shown that MHC Class Il genes are sufficient, but
notnecessary, forkinrecognition. Ithas been proposed that other unlinked MHC genes
provide additional information used in kin recognition.4649 Likewise, in house mice it
has been observed that when MHC signals of relatedness are controlled for, signals
from a different polymorphic locus (MUPs, see below) can also be used as signals of
relatedness. In nature, it is highly likely that both MUPs and MHC are utilized for kin
recognition in tandem.&®
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Figure 1. Possible phenotype matching systems using MHC-based odors and their effectiveness for the
recognition of kin. Two kin recognition mechanisms that exist in nature are self reference (A, C, E) and
familial imprinting (B,D,F). Phenotype matching can be based on genotypes (i.e. blended haplotype odor),
or on haplotypes (i.e. allele-specific odors). Selfreference is based on odors associated with an individual’s
own genotype (A) or both haplotypes (C). Familial imprinting is based on odors associated with the
genotypes (B) or haplotypes (D) present in the natal nest (e.g. parents or siblings). The prevalence of
these systems in nature is largely untested; current evidence suggests that the primary phenotype matching
system in mice is haplotype-based familial imprinting (D). The effectiveness of each phenotype matching
system for recognizing three classes of kin are plotted for one or two unlinked polymorphic loci (E &
F). MHC haplotypes are inherited as a linked locus or as multiple unlinked loci depending on taxa. Each
point represents the percentage of full siblings, half siblings, and cousins an individual would be able
to recognize (points are connected by lines to help visualize patterns). Haplotype-based mechanisms are
almost always superior to genotype mechanisms for kin recognition. Adding loci to self reference systems
improves kin recognition more than in familial imprinting systems. Familial imprinting (F) generally
allows an individual to recognize more kin than self reference (E). Models assume that all individuals
are heterozygous, that no alleles are shared between unrelated individuals and that all combinations of
parental genotypes are found within litters. (lllustrations by J.L.K; graphic design by Linda Morrison).
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Cooperative Behavior

Properidentification ofkin canresultin cooperative behaviorsbetweenrelatives; MHC
mediated signaling has been shown to both promote cooperation and deter antagonism
between individuals (Table 1). Schooling is an important cooperative behavior in fish and
tadpolesthatresultsinenhanced foraging and predator avoidance. Several salmonid species
along with the African clawed frog (Xenopus laevis) have been shown to preferentially
form schools with relatives that share MHC haplotypes®48and it has been previously
shown that kin-based schools have higher survival rates and larger territories.8A second
MHC-mediated cooperative behavior has been documented in house mice; female
mice communally nest and nurse offspring and it has been demonstrated that females
preferentially nest with familiar sisters. When no familiar sisters are available, they
preferentially nest with MHC-similar females.1Finally, competition over territories is
fierce in many species ofvertebrates and can result in serious injury; evidence suggesting
that MHC signaling prevents territorial competition between kin has recently been
demonstrated in tuataras (Sphenodonpunctatus).8Scores ofother kin-based cooperative
behaviors have been documented within vertebrates and it is quite probable that we have
only just begun to document those that are mediated by MHC signaling; however, it is
not our intent to imply that all cooperative behaviors will be MHC-mediated. In fact,
the precision of kin recognition systems will be enhanced as more polymorphic systems
are used in signaling.

Parent-Progeny Recognition

Parent-progeny recognition prevents the expense associated with parental investment
into unrelated individuals. This is especially true under conditions of communal living or
in systems that involve extra-pair matings. Under these circumstances an identification
system that could ensure parental care was only provided to genetic offspring would be
highly adaptive and many such systems have been documented.® Female house mice
nest communally and are therefore at risk of providing parental care to unrelated pups.
Yamazaki and others@ showed that female house mice can identify pups with which
they share an MHC haplotype from congenic pups (genetically identical individuals
with the exception of MHC type). Pups at the age of 15-21 days were also capable of
recognizing and preferring their parents bedding to that of a MHC dissimilar congenic
individual. This preference was reversible by cross-fostering, again showing the role of
familial imprinting within MHC signaling in house mice. Currently this study offers the
only evidence that MHC-mediated signaling is involved in parent-progeny recognition
and though it was conducted with inbred strains of mouse, it reveals the potential of
MHC signaling in nature.

Inbreeding Avoidance

Degradation of fitness due to inbreeding is a result of increased homozygosity of
deleterious recessive alleles that are identical by descent. These alleles combine more
frequently when related individuals reproduce compared to outbred matings. Early
assessment of the fitness costs of full-sibling level inbreeding within vertebrates (mice)
have been conducted and early studies showed a 10% decline in litter size.88However,
these experiments only measured litter size reductions and they failed to assess the fitness
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consequences of the inbred progeny in their natural context. In an experiment where
the fitness impacts of a single generation of full-sibling inbreeding were assessed under
seminatural conditions, it was found that outbred male mice had five-fold higher fitness
than inbred males, with the consequences effectively approaching lethality for inbred
sons. Daughters suffered an additional 20% reduction in fitness compared to previous
assessments.& Likewise cousin-level inbreeding was shown to reduce male fitness by
34% and when the infectious agent Salmonella was present in the populations, the
fitness decline in males was 57%.8 Since the true negative consequences of inbreeding
were only revealed under direct competition within a seminatural environment, we now
refer to this experimental system as a phenotron because it allows the observers “to see”
the true fitness consequences (phenotype) of a treatment. Disassortative MHC-based
mating preferences function as a mechanism of inbreeding avoidance due to their highly
polymorphic nature. Only closely related individuals are likely to share MHC haplotypes;
thus a mating preference for MHC-dissimilar individuals will decrease the likelihood of
inbreeding. The extentto which inbreeding can be avoided is dictated by whether a self
reference or familial imprinting mechanism is utilized by a particular species.®

An indirect piece of evidence supporting MHC haplotype based familial imprinting
and inbreeding avoidance within house mice has come from a study by Sherborne and
colleagues.® This experiment investigated the relative importance of MHC and MUPs
in mediating inbreeding avoidance behavior and its conclusion was that MHC is not
involved in inbreeding avoidance behavior. House mice were released into seminatural
enclosures with only full-sibling and half-sibling counterparts; inbreeding avoidance was
assessed by the proportion of full-sibling vs half-sibling matings and genetic analysis was
used to determine ifthere was either an MHC or MUP-based signal mediating inbreeding
avoidance. The data showed that although no full-sibling inbreeding avoidance occurred,
mice sharing exact MUP genotypes avoided mating with each other. This led the authors
to conclude that MUPs are exclusively responsible for inbreeding avoidance in house
mice and that MHC plays no role. However, this conclusion is unwarranted due to a
flaw in the experimental design. Specifically, prior to testing in seminatural enclosures,
test animals had been caged (since birth) with other individuals that possessed MHC
haplotypes that were present in the enclosures. This design unintentionally allowed
MHC familial imprinting to occur on all of the tested haplotypes; thus, animals upon
entering the enclosures found themselves surrounded by individuals that would all be
recognized as relatives by MHC-based systems. This situation forced the mice to make
mate choices based on other non MHC cues and they utilized MUPs, preferring to mate
with individuals that did not share exact genotypes. These results suggest MUPs are
utilized in mate choice, but contrary to the conclusions of the paper, the design does not
allow for the exclusion ofarole for MHC. Furthermore, MUP-based mating preferences
are based on selfreference and not familial imprinting,®thus they do not offer the same
protection against inbreeding that familial imprinted MHC preferences do.

MHC AS A SIGNAL OF GENETIC COMPATIBILITY IN MATE CHOICE

Genetic compatibility, broadly defined, refers to the degree to which an organism’s
genes, (bothwithinandbetween haploid genomes), interactto increase or decrease fitness.
Consequences ofgenetic incompatibility include inviable offspring (e.g. between species
mating), severely reduced fitness (e.g. inbreeding), and incremental degradationoffitness
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associated with the combination of incompatible alleles (e.g. MHC homozygosity). The
fitness consequences of genetic compatibility mightbe so severe that finding a mate with
the “right genes” to compliments one’s own genome provides more indirect benefits than
finding the “best genes” within high quality individuals.8 In order to make MHC-based
mate choice (orgamete fusion839) decisions inregards to genetic compatibility, individuals
mustpossessthe meansto assess theirown MHC types (see section onphenotype matching
systems above). MHC-mediated odors readily signal information about the genetic
compatibility between mates, and MHC-disassortative mating preferences (Table 1) lead
to the production ofoffspring with compatible genotypes both atthe MHC and throughout
the genome.®The mechanisms of MHC-mediated genetic compatibility described below
are MHC heterozygote advantage, offspring harboring different MHC genotypes than
their parents (moving target) and the avoidance of inbreeding.

Heterozygote Advantage/Superiority

MHC-disassortative mate preferences by their very nature produce MHC heterozygous
offspring, which are hypothesized to have superior immunocompetence.9B1 Multiple
lines of evidence now support the fitness-enhancing role of MHC-heterozygosity. 238t
was initially argued that MHC heterozygotes would have an advantage (overdominance)
because they could present a wider variety of peptide antigens to the immune system
making them more likely than MHC-homozygotes to recognize and mount an immune
response against disease-causing agents. However, this mechanistic hypothesis has
largely been rejected since experimental infections with single pathogens reveal
that heterozygotes do not generally have an advantage over both homozygotes.® An
alternative mechanism postulated that heterozygote advantage emerges over multiple
infections because resistance is generally dominant and heterozygotes will benefit from
the resistance profile of each allele, which masks some of the susceptibilities of each
allele. This hypothesis was experimentally confirmed by laboratory-based experiments
using coinfections with parasites having opposite MHC resistance/susceptibility profiles,
which demonstrated that heterozygotes are more fit than either homozygote.® Recent
studies on wild salmoni®and voleXl populations demonstrate that MHC heterozygotes
have increased fitness under natural conditions of multi-parasite infection as well. The
fitness enhancing nature of MHC heterozygote advantage in laboratory andnatural settings
is an example of the adaptive significance ofMHC mediated signaling.

Moving Target

Inadditionto heterozygote advantage, selection could also favor MHC-disassortative
mate preferences if the offspring genotype provided a moving target against pathogen
adaptation, causing pathogens adapted to either parent to be at a disadvantage in progeny
that are MHC-dissimilar to both parents.X2 This hypothesis predicts that pathogens
evolve to partially escape MHC-mediated immune recognition and that MHC-dissimilar
offspring are more fitthan their parents when challenged with parent-adapted pathogens.
Like heterozygote advantage, mate choice decisions driven by moving target processes
function to maximize genetic compatibility and are thus most effectively achieved using
an MHC, selfreference phenotype matching system.

Numerous examples highlight the capacity of pathogens to rapidly adapt to escape
MHC-mediatedimmunerecognition.1B110There has been one experimental study designed
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totestthe otherprediction ofthe moving targethypothesis—that MHC-dissimilar offspring
will be more fitthan their parents when challenged with parent-adapted pathogens. MHC
did influence the trajectory ofadaptationby a fungal pathogen (Cryptococcusneoformans),
but the large virulence increase in postpassage pathogen lines showed no specificity for
the host MHC genotype of passage.1l1 The most likely explanation is that this pathogen is
a generalistthat infects most birds and mammals. The passages in mice therefore selected
for adaptations to “mouseness”, which likely swamped any adaptations to MHC. Future
passage studies should use pathogens specialized on the host of passage.

There is anecdotal evidence from human studies demonstrating the importance of
offspring genetic diversity in reducing the probability of mother-to-child-transmission
of chronic infectious disease agents (e.g., HIV-1112113), and suggest that there would
be a significant selective advantage to mate choices that promoted genetic diversity in
offspring. There is also evidence linking increased HLA dissimilarity between mother
and offspring with significantly reduced chances of vertical transmission ofH IV -1114115).
The extent of pathogen adaptation during chronic infection of the parent and its impact
on mother-to-child transmission dynamics was not addressed in the above studies.
Despite this, they do support the possible role of MHC- disassortative mate preferences
in producing offspring of higher quality that are more resistant to infection by chronic
parasites of their parents.

Optimal MHC Heterozygosity

MHC-disassortative mate choice may carry a cost if maximal MHC diversity in
offspring is not optimal. For instance, during the process of negative selection in the
thymus, T cellswith high affinity for MHC-peptide complexes are instructed to terminate
themselves via apoptosis.9lt follows then that MHC diversity may have an upper limit
beyond which the fitness benefit of having multiple ways to present peptides from
foreign invaders is offset by the cost of an increasingly limited T-cell repertoire.161f
such a fitness cost exists, then it will have important implications on the evolution of
MHC disassortative mating preferences. Indeed, it has been observed that individuals
with intermediate versus maximal MHC diversity harbor lower parasite burdens in
experimental infections.1l7 Additionally, it was recently shown that intermediate and
not maximal levels of MHC diversity lead to significantly higher lifetime reproductive
success in stickleback offspring.18 Thus, it seems that maximum MHC diversity can
be a costly trait.

If intermediate rather than maximal MHC diversity is optimal then an MHC-typing
system could allow individuals to “optimize” the MHC diversity within their offspring.
Studies with sticklebacks have shown that females are in fact capable of such quantitative
estimates of MHC diversity (also known as allele counting).19Additionally, by estimating
the extent of intra-individual MHC class 11B allele diversity within a population, it was
also demonstrated that individuals with intermediate rather than maximal MHC diversity
were most frequent, indicating selection for intermediate levels of MHC diversity.
Subsequent experimental findings in sticklebacksBand brown trout®suggest that much
of the selection for individuals with intermediate MHC diversity derives from female
preference for MHC-dissimilar mates. Together, these studies indicate that maximal
MHC diversity is not always optimal and that female preference for MHC-dissimilar
mates is a primary driving force behind selection for the production of individuals with
intermediate rather than maximal MHC diversity.
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Inbreeding Avoidance

Though inbreeding avoidance has already been covered within the kin recognition
section it is important to stress that it also falls under the umbrella of MHC as a signal
of genetic compatibility. In fact, inbreeding avoidance may be the single most adaptive
result of MHC-disassortative mating preferences in many species of vertebrates, as both
sibling and cousin level inbreeding have been found to have devastating effects on the
fitness of offspring.&&In addition, as covered in the evolution of MHC section below,
growing evidence suggests that MHC mediated kin recognition to avoid inbreeding may
have been the ancestral function of MHC molecules, which were later co-opted for use
in the adaptive immune system.1D

MHC AND SIGNALS OF QUALITY IN MATE CHOICE

In contrastto MHC-mediated signalsthatdirectly convey MHC genotype information
(relatedness, compatibility or individuality), the disease resistance functions of MHC
can also influence social signalling by modulating the expression of secondary sexual
characters. Only high-quality, disease-resistant individuals should be able to invest in
costly, sexually selected advertisements, 2L thus creating a correlation between MHC
genotype and these condition-dependenttraits (Table 2). By endowing an individual with
genetic resistance to parasites, MHC genotype can indirectly influence signals of quality
by allowing more physiological resources to be devoted to signaling rather than to the
immune response.12von Schantz and colleaguesiBwere the first to report an association
between MHC and a sexually selected trait; they found that spur length in male pheasants
(Phasianus colchicus) was correlated with fitness and dependent on MHC genotype. In a
study on great snipes (Gallinago media), females preferred males carrying specific MHC
allelic lineages. Males with these genotypes were also larger and females of this species
are generally known to favor larger males. 24 A study in white-tailed deer (Odocoileus
virginianus) found that MHC divergent heterozygous males had larger antlers and body
size, whichwas correlated with lowerabundance ofabomasal nematodes.12Finally, a study

Table 2. MHC correlations with secondary sexual traits and mating preferences
MHC Correlation

MHC Correlation with Traits

Species with Mate Preference of Quality Sources
Great snipe MHC allele-specific Body size Ekblom et al
(Gallinago media) preference 2004124
Peafowl (Pavo MHC heterozygosity Train length Hale et al 2009%
cristatus)
Pheasants (Phasianus ~ MHC genotype Spur length von Schantz
colchicus) etal 199618
White-tailed MHC divergent Antler and body Ditchkoffet al
deer (Odocoileus heterozygotes size; reduced 200112

virginianus) parasitism

112



306 SELF AND NONSELF

on a canonical sexually selected trait, trains in male peacocks (Pavo cristatus), showed
that the train length reflects genetic diversity at the MHC.3 The above examples show
that MHC-genotype can influence the expression of secondary sexual traits that are used
as signals of quality. However, MHC-genotype itselfis not necessarily used in the signal.

An alternative way that MHC-genotype can indirectly influence the expression
of secondary sexual characteristics is if MHC social signals are themselves costly to
produce. This hypothesis has recently been tested by the laboratory of Manfred Milinski,
which identified the first example of condition-dependent MHC signaling.15 They had
previously shown that female three-spined sticklebacks prefer males with optimal, rather
than maximal, MHC allelic differences (relative to her own genotype) and that this mate
choice ismediated by excreted MHC peptides (discussed above). 44N ow, they show that
females do notsendthis signal atall and that, remarkably, males only send this signal when
they are in the reproductive state. These data suggest that MHC signaling is not simply
a byproduct of MHC-peptide presentation, but that it is actively regulated in a fashion
consistent with it being a costly signal. The authors suggest that shedding MHC-peptide
complexes will create localized deficiencies of this critical immunological component
and therefore represents a trade off between immune defense and social signaling.15

MHC-mediated signals ofquality may allow an individual to gain either directbenefits
for themselves or indirect genetic benefits for their offspring. Avoidance of parasitism is
perhapsthe most likely directbenefitofMHC-mediated mate choice. Social behaviors are
an opportunity for parasites to transmitto new hosts; in turn, hosts will gradually develop
behavioral mechanisms to avoid parasites.2BIndividuals of a particular MHC-genotype
may be resistant to local parasites at any given time and choosing such an individual as
a mate would provide a direct benefit of reduced risk of parasitism. Although there are
several examples of mate choice for parasite-free individuals,12-10there are surprisingly
few examples ofstudiesthatlink MHC-dependentresistance to pathogens and subsequent
mate choice.1l7

MHC EVOLUTION: WHAT ARE THE PRIMORDIAL FUNCTIONS?

Since the immune recognition function of MHC genes in adaptive immunity was
discovered far earlier than MHC-mediated behaviors, and since it was so central to
the complex system of vertebrate adaptive immunity, it was initially assumed that
MHC-mediated behaviors were a derived function. However, Brown argued that since
kin-selected behaviors (inbreeding avoidance and kin-biased cooperation) are present
in the ancestral lineages leading to vertebrates and that adaptive immunity is a derived
character in vertebrates, it is most parsimonious to hypothesize that MHC-mediated kin
recognition functions were primordial. 74 This controversy continues to this day.

Boehm has recently written a tour-de-force, synthetic review that evaluates selfand
nonself recognition systems that exist across plants, fungi and animals, with a special
emphasis onhow quality recognition ismaintained in the face ofthe rapid diversification of
these highly polymorphic systems.10Quality control (the ability to accurately discriminate
between selfand nonself) is of particular importance in immune recognition systems that
must achieve selftolerance to protect against auto-immune disease.1013)

Jawless fish are the one lineage of vertebrates that appear to have anon MHC based
adaptive immune recognition system.13L1PA high diversity oflymphocyte receptorsinthis
group iscreated by combinatorial assembly ofreceptor modules, butthe critical difference
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from other vertebrates is that there is no junctional diversity created by mutagenicjoining
mechanisms. 18 Thus, the lymphocyte receptor repertoire forjawless fish is predictable
and selftolerance could be achieved by Darwinian selection for self-compatible receptor
modules.1DIn contrast, jawed vertebrates achieve higher lymphocyte receptor diversity
by the mutagenic VDJ combinatorial joining process, which creates the problem of
unpredictable receptor specificities that can lead to auto-immunity. These potentially
harmful receptors are eliminated during the evaluation of lymphocytes receptors in the
thymus ofjawed vertebrates. Boehm argues that it seems unlikely that an MHC-peptide
presentation system could emerge de-novo to create the modernjawed vertebrate immune
recognition system, which allows self-tolerance in the face of somatic generation of
unpredictable lymphocyte receptors. It would be far more likely that a pre-existing
MHC-peptide kin recognition system could be co-opted for immune recognition.1D
Discovery ofthe MHC homologues and their function injawless fish offers one ofthe most
promising approaches for discriminating between these two hypotheses and identifying
the primordial function of MHC genes. Tunicates (a close relative of vertebrates) have
a highly polymorphic histocompatibility-type (fusion) locus that functions both in
allo-recognition to control colony fusion and gamete fusion,13at least in some species.1H
It was thought that identifying the nature of this locus might clarify the early history of
MHC genes. After a two-decade search the locus was identified to be a member of the
immunoglobulin super family, but it appears to not have homology to MHC genes.1%138
These findings further focusthe search forprimordial MHC functionstowardsjawless fish.
The facts that within vertebrates there are completely different mechanisms
controlling adaptive immunerecognition and thatin tunicates histocompatibility functions
are controlled by genes unrelated to vertebrate histocompatibility genes, highlight the
evolutionary flexibility ofhow similar functions canbe achieved through different genetic
systems. Itis currently difficultto discriminate between the differentproposed primordial
function of MHC genes. However, the initial assumption that immune recognition must
be the primordial function of MHC genes, should no longer be the default assumption.

CONCLUSION

In this chapter we have demonstrated the significance ofMHC signaling in regards
to four aspects of social communication. First, studies in mice show that MHC peptides
and to a lesser extent MHC-associated urinary odors, signal individuality in the context of
pregnancy block. MHC does not signal individuality during mouse scent-marking, rather,
a species specific signal (MUP) is used. Second, MHC as a signal ofrelatedness is found
acrossvertebrates (Table 1) and plays arole in cooperation, parent-offspring identification
and inbreeding avoidance viatwo differentphenotype matching mechanisms: selfreference
or familial imprinting. Third, MHC signals are used to determine the genetic compatibility
of a potential mate and can result in the production of heterozygous offspring. In some
animals, mate choice for MHC compatibility is so finely tuned that they can optimize
the degree of MHC heterozygosity in their offspring. Fourth, information regarding
MHC genotype can be signaled indirectly through correlated characters (Table 2) and a
recent study demonstrated that, at least within one species, MHC signaling itself may be
condition-dependent and therefore a signal of individual quality. Taken together, these
studies suggest that MHC-mediated signaling is conserved across vertebrates, but takes
on unique functions depending on the life-history of a given species.
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Appreciating the distinction between both modes of phenotype matching (self
reference and familial imprinting) isparamountin understanding the role MHC-mediated
signaling plays in social communication. Though substantial overlap in functionality
exists between these phenotype matching systems, there are tradeoffs. Self reference
systems facilitate mating preferences that generate offspring with an immunological
advantage by allowing the assessment of genetic compatibility. Familial imprinting
systems ofphenotype matching facilitate the identification of siblings, half-siblings and
cousins; in specieswhere either cooperative behavior oravoiding inbreeding is important
(e.g., communal nesting species or species that live in high-density populations), a
familial imprinting system provides an advantage over a selfreference system because
self/nonself discrimination is not required to increase indirect fitness. That these two
systems are differentially utilized by different groups of vertebrates highlights the
highly context-dependent nature of social signaling. It is important to note, however,
that phenotype matching mechanisms have been described in arelatively small number
of species (Table 1) and more studies are needed.

The remarkable fact that a single genetic system controls major components ofboth
immune recognition and social recognition begs the question ofwhich recognition system
constituted the primordial function of MHC genes. The convergent evolution of similar
peptide binding properties of MHC, VSN and OSN receptor molecules provides the
molecular basis by which MHC genotype influences both immune and social recognition;
it also implies that these distinct receptor families have responded to selective pressures
that required information regarding MHC genotype (bound peptides) be associated with
discriminatory sensory systems. Finally, the ubiquitous presence ofvarious modes of self
versus nonself discrimination across all three domains of life, coupled with the derived
nature ofthe adaptive immune system in vertebrates, further suggeststhat MHC-mediated
social signaling evolved for the purpose ofdiscrimination between conspecifics and could
represent the ancestral state. Tracing the function of MHC molecules across vertebrate
evolution holds the greatest promise of resolving the relative importance of immune
versus social communication in MHC evolution.
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