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Abstract

Endophenotypes are measurable biomarkers that are correlated with an illness, at least in part,
because of shared underlying genetic influences. Endophenotypes may improve our power to
detect genes influencing risk of illness by being genetically simpler, closer to the level of gene
action, and with larger genetic effect sizes or by providing added statistical power through their
ability to quantitatively rank people within diagnostic categories. Furthermore, they also provide
insight into the mechanisms underlying illness and will be valuable in developing biologically-
based nosologies, through efforts such as RDoC, that seek to explain both the heterogeneity within
current diagnostic categories and the overlapping clinical features between them. While
neuroimaging, electrophysiological, and cognitive measures are currently most used in psychiatric
genetic studies, researchers currently are attempting to identify candidate endophenotypes that are
less genetically complex and potentially closer to the level of gene action, such as transcriptomic
and proteomic phenotypes. Sifting through tens of thousands of such measures requires
automated, high-throughput ways of assessing and ranking potential endophenotypes, such as the
Endophenotype Ranking Value. However, despite the potential utility of endophenotypes for gene
characterization and discovery, there is considerable resistance to endophenotypic approaches in
psychiatry. In this review, we address and clarify some of the common issues associated with the
usage of endophenotypes in the psychiatric genetics community.
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Introduction

Recently, a number of quantitative trait loci (QTL) have been localized for mental illness
through large-scale genome wide association studies of unrelated individuals [Ferreira and
others 2008; O’Donovan and others 2008; Purcell and others 2009; Sklar and others 2011]
or through family-based linkage studies [Breen and others 2011]. However, these findings
explain only a small portion of the genetic variance predisposing to mental illnesses like
schizophrenia, bipolar disorder, autism, major depression and addictive disorders [So and
others 2011]. Furthermore, QTL localizations from either linkage or GWA do not reflect
true gene identifications, as the causal functional variants have not been identified. Rather, a
significant QTL indicates that a gene/variant of interest is present in a potentially large
chromosomal region. For linkage, which has the ability to detect rare functional variation,
this chromosomal region is typically ~10cM (~10Mb of physical sequence). For genome
wide association, which is typically limited to common variants, the genomic area of interest
is reduced to ~500kb (~250kb on either side of the associated SNP depending on linkage
disequilibrium). Once a mental illness risk gene is identified, it must be validated and
functionally characterized to further understand its influence on illness liability.

There are two different conceptualizations of what is meant by functional characterization in
genetics. The first is focused on the relationship between an identified variant and gene
action through direct effects on protein expression or indirect regulatory or epigenetic
effects. Typically, this type of genetic functional characterization requires some level of in
vitro assay to establish molecular mechanism. The other type of genetic functional
characterization involves understanding how a particular gene or its expressed protein
produces the cascade of biological changes that ultimately result in increased risk for the
clinical symptoms of mental illness. For psychiatry, this second conceptualization requires
linking gene action to behavior, a process that is largely unexplored in genetics, with the
possible exception of transgenic animals or optogenetic methodologies. In this context, traits
that are genetically related to the disorder (behavior) can provide important “trail markers”
for traversing the chasm between genotype and behavioral phenotype. Such traits are ideally
suited to facilitate the functional characterization of risk genes and should play a major roll
when moving beyond a simplistic genotype-phenotype association to delineating the
molecular, cellular and system-level mechanisms that give rise to a psychiatric assessment.

The dominant paradigm in psychiatric genetic studies focuses on a specific
phenomenologically defined disease entity (i.e. a DSM-diagnosis). However, as with most
disease states, this endpoint is relatively distant from the causal disruptions of brain
anatomy/physiology associated with mental illness. An alternate strategy involves using
endophenotypes, either alone or in conjunction with diagnosis, to identify mental illness risk
genes [Blangero 2004; Gottesman and Gould 2003; Gottesman and Shields 1972].
Endophenotypes are heritable risk factors genetically correlated with disease liability,
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measureable in both affected and unaffected individuals, that are capable of providing
greater power to localize and identify disease-related genes than affection status alone
[Almasy and Blangero 2001; Blangero 2004; Gottesman and Gould 2003] Although there
has been limited use of endophenotypes to identify risk genes in psychiatry [Glahn and
others 2012], such an approach has been fruitful in the study of other complex diseases such
as heart disease [Kathiresan and others 2009; Sing and others 2003], obesity [Comuzzie and
others 1997; Willer and others 2009], diabetes [Mitchell and others 2000] and osteoporosis
[Kammerer and others 2003; Kiel and others 2007]. Given the success of the
endophenotypic or allied phenotype approach for identifying risk genes in other areas of
medicine, it seems imperative to fully explore this potential path to discovering the genetic
architecture of mental disorders. Unfortunately, most large-scale studies designed to identify
mental illness genetic loci have focused exclusively on diagnosis.

Endophenotypes are critical for the functional characterization of risk genes discovered in
traditional psychiatric genetic experiments and, if applied in large-scale studies, could
identify novel risk genes, given our lack of understanding of pathophysiology and gene
regulation. However, despite the potential utility of endophenotypes for gene
characterization and discovery, there is considerable resistance to endophenotypic
approaches in psychiatry. In the sections that follow, we address and clarify some of the
common issues associated with the usage of endophenotypes in the psychiatric genetics
community.

What Are Endophenotypes?

The term “endophenotype” was first coined in insect biology, to describe “microscopic and
internal” traits as opposed to “exophenotypes”, being the “obvious and external” (i.e.
behavior or physical appearance) [John and Lewis 1966]. In the field of psychiatric genetics,
Gottesman & Shields (1972) first mentioned endophenotypes as internal phenotypes
discoverable by a “biochemical test or microscopic examination.” More recently, the term
was conceptualized in more detail as a measurable trait that is not observable by the unaided
eye and that lies more proximal to the underlying genetics of a disorder than the clinical
phenotype [Gottesman and Gould 2003]. Over time, specific, testable criteria were
developed to aid the objective identification of endophenotypes in psychiatry. According to
these criteria, an endophenotype must: (1) be heritable; (2) be associated with the illness; (3)
be independent of clinical state (at times requiring a challenge e.g glucose tolerance test);
and (4) impairment must co-segregate with the illness within a family (family members that
do not meet diagnostic criteria show impairment relative to the general population); and (5)
represent reproducible measurements [Gershon and Goldin 1986; Gottesman and Gould
2003; Leboyer and others 1998; Lenox and others 2002].

Conceptual and semantic issues related to the terms endophenotype, intermediate phenotype,
and biomarker were fully explicated by Lenzenweger (2013). Critically, heritability and co-
segregation requirements differentiate an endophenotype from a biomarker, which can be
any biological measure that is influenced by health, illness, or an exogenous factor [Gould
and Gottesman 2006]. Thus, endophenotypes are that subset of biomarkers that are
influenced by the same genetic factors that confer risk for the illness [Gould and Gottesman
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2006; Glahn and others 2012]. This requirement of pleiotropy implies that endophenotypes
are directly comparable to allied phenotypes discussed in other areas of complex disease
genetics [Almasy and Blangero 2001; Glahn and others 2012]. The term ‘intermediate
phenotype’ has recently been used to describe a measure indexing biological risk for a
mental illness that is intermediate between gene expression and disease (symptom)
presentation [Meyer-Lindenberg and Weinberger, 2006]. However, this term was initially
used to describe partial dominance, making its current use in psychiatric genetics somewhat
ambiguous [Lenzenweger, 2013].

What Kind of Traits Can Be Endophenotypes?

Neuroimaging, electrophysiological and cognitive variables are the most oft-cited
endophenotypes in the psychiatric literature [Bramon and others 2005; Glahn and others
2003; Glahn and others 2007b; Hasler and others 2006; Hasler and others 2004;
Lenzenweger 2013; McDonald and others 2004; Miller and Rockstroh 2013; Slaats-
Willemse and others 2003; Snitz and others 2006]. For example, deficits in spatial working
memory, where working memory refers to the online manipulation of task-relevant
information [Goldman-Rakic 1995], have been observed in patients with schizophrenia [Lee
and Park 2005; Park and Holzman 1992; Reichenberg and Harvey 2007] and also in their
healthy first-degree relatives [Glahn and others 2003; Park and others 1995]. Similarly,
when asked to complete working-memory tasks in the scanner both schizophrenia patients
[Glahn and others 2005; Minzenberg and others 2009] and their healthy relatives
[MacDonald and others 2009] exhibit aberrant activation patterns in those regions thought to
govern working-memory ability. As both working-memory ability (h? = 0.66) and the brain
activation associated with completing working-memory tasks (h? = 0.40-0.65) are highly
heritable [Blokland and others 2008; Knowles and others 2014], working memory and its
related brain activity appear to be reasonable candidate endophenotypes for schizophrenia.
However, while working memory is a theoretically appealing endophenotype for the illness,
it is only one of many potential schizophrenia endophenotypes. Indeed, working memory,
like other cognitive and imaging measures may be less effective endophenotypes than other
potential biomarkers.

Although behavioral, cognitive, electrophysiological and neuroimaging based measures
have received the most attention when examining putative endophenotypes for mental
illness, these traits tend to have complex genetic architectures that could potentially limit
their utility for gene discovery and characterization. As postulated by Gottesman and Gould
(2003), one of the primary assumptions of the endophenotypic approach is that the
underlying genetic architecture of the endophenotype itself is relatively simpler than that of
the disease and also relatively closer to the action of the gene. While many cognitive and
imaging measures are strongly influenced by genetics, it is possible that these high
heritability estimates reflect the overall cumulative genetic effect on the trait but do not
reveal the subtle complexities therein or the specific composition and architecture of the
underlying causal genes [Almasy 2003]. That is, it is not necessarily true that behavioral,
electrophysiological, and imaging candidate endophenotypes have genetic architectures any
less complex than that of their associated mental illnesses. One solution is to identify
endophenotypes for mental illness that are closer to gene action.
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The expression of a gene depends on the process of transcription. Template DNA within the
nucleus is copied, or transcribed, from the beginning to the end of a gene by RNA
polymerase which gives rise to mMRNA. A spliced version of the mRNA is then transported
to the ribosomes for translation into a protein. Gene expression techniques, for example
hybridization, can be used to measure the level of a transcript, or the RNA of a given gene,
which in turn gives an indication of how active a gene is in an individual. Transcript-based
endophenotypes are clearly a more direct index of gene action than the traditional behavioral
or imaging phenotypes. Many factors may influence gene expression including the tissue
sampled, age, sex and the time of day [Borovecki and others 2005; Radich and others 2004;
Whitney and others 2003]. However, there is also substantial genetic influence on gene
expression as evidenced by numerous eQTL and eGWAS studies (for a comprehensive
review see [Ertekin-Taner 2011; Zou and others 2010]). Thus, gene expression may make
for excellent endophenotypes of complex disease where variation in cis-regulatory
polymorphisms mediates disease-risk by influencing expression level [Goring and others
2007; Rockman and Wray 2002; Wray 2007]. Unfortunately, relatively few studies have
employed transcripts as endophenotypes for mental illnesses (e.g. Glahn et al., 2012),
leaving this area of study quite unexplored.

While transcripts and other blood-based measures could be important endophenotypes for
gene discovery and molecular characterization, the relationship between these biomarkers
and the signs and symptoms that denote mental illnesses are often unclear. It is possible that
the most effective approach for understanding liability for mental illness will involve
combining more traditional endophenotypes with potentially complex genetic underpinnings
with less genetically complex endophenotypes like cis-regulated transcripts. Although
relatively few transcriptomic and proteomic endophenotypes for psychiatric disorders have
been identified to date, we anticipate that this will change as more high throughput
transcriptomic and proteomic studies are undertaken.

Choosing Between Endophenotypes

The literature is replete with putative endophenotypes from mental illnesses. Indeed, a
simple PubMed search of the term “endophenotype” returns 2111 publications between
1972 and August of 2013. The term “intermediate phenotype” returns an additional 700.
Scopus, which has a larger database than PubMed provides 2788 citations for the term
“endophenotype.” The rate of endophenotype papers being published annually appears to be
exponentially increasing (see Figure 1), with over 300 papers published in 2012. Indeed,
Gottesman and Gould’s 2003 review has been referenced over 3000 times. In such an active
area of research, the challenge becomes choosing among candidate endophenotypes for
subsequent studies. As most endophenotypes are selected based upon a necessarily
incomplete understanding of mental illness biology, comparing the utility of one
endophenotype over another in terms of their ability to aid in gene discovery or genetic
characterization is impossible. Recently, Glahn and colleagues (2012) developed the
Endophenotype Ranking Value (ERV), an empirical metric for ranking endophenotypes
based upon their genetic similarity to the studied illness. This method involves estimating
the standardized genetic covariance between each putative endophenotype and a particular
illness (conceptually similar to the co-heritability between traits) and then ranking
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endophenotypes based on their genetic covariance. Formally, the ERV statistic is defined as
the absolute value of the square-root of the heritability of the illness multiplied by the
square-root of the heritability of the endophenotype multiplied by the genetic correlation
between the endophenotype and the illness: ERV; = [Vhj2Vhg? pgl- ERV values vary between
0 and 1, with higher values indicate stronger shared genetic influence between the
endophenotype and the illness. This method allows for very large numbers of
endophenotypes to be efficiently assessed. Indeed, in their initial paper on the subject, Glahn
and colleagues (2012) ranked over 12,000 putative endophenotypes for recurrent major
depression (see below for a more involved discussion). It should be noted that the ERV
method is applicable to any heritable disease and any set of potentially relevant traits.

The Role of Unaffected Relatives when Defining Endophenotypes

To test the endophenotype criteria of Gottesman and Gould (2003), family-based studies
need to be conducted [Glahn and Blangero 2011]. These must be sufficiently powerful, with
large sample sizes and optimal designs, since the effects in unaffected relatives are expected
to be subtle. Furthermore, power considerations in these studies must allow for multiple
testing corrections for consideration of numerous candidate endophenotypes, for example
across brain voxels, transcriptomes, or neuropsychological test batteries. Several family-
based designs can be used to define endophenotypes, for example twin studies [Narr and
others 2002; van Haren and others 2012], nuclear families [Greenwood and others 2007], or
extended pedigrees [Glahn and others 2010; Glahn and others 2007a]. Such family-based
studies can test heritability, association with illness and co-segregation within families at
once. Furthermore, using genetic correlations the presence of common genetic factors
between endophenotype candidate and diagnosis can be inferred. The state-independent
criterion of Gottesman and Gould (2003) is often not explicitly tested in these studies since
it requires repeated measurements. Instead, it can usually be derived from the literature, and
to some degree also assumed when the trait is present in unaffected relatives, and when the
heritability is high.

While studies of related individuals are undoubtedly the most powerful and reliable way to
investigate endophenotype candidates, the data can be difficult to collect, and require
specialized software. Designs using unrelated individuals cannot fully establish
endophenotypes, but can nevertheless contribute to the credibility or initial nomination of
endophenotype candidates. For example, comparing unrelated unaffected relatives of
patients to unrelated controls without family history can indicate familiality of the trait
[Johnstone and others 2002; Sprooten and others in press; Sprooten and others 2011],
despite not including any related individuals per se. More recently, novel techniques have
been developed to empirically derive the additive genetic variance of a trait from genomic
data, in unrelated samples from the general population [Lee and others 2012; Yang and
others 2011]. Given the cost and effort of obtaining large genetic or imaging datasets, and
the abundance and vastness of existing data in unrelated individuals, such novel analysis
methods can be extremely valuable.
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Utility of Endophenotypes for a Biological Based Psychiatric Nosology

Endophenotypes can help define psychiatric nosology, as they have the potential to provide
measures that are sensitive to multiple diagnostic constructs [Glahn and others 2010; Glahn
and others 2007a], suggesting shared genetic pathways between diagnostically distinct
disorders (e.g. major depressive and bipolar disorders [Ripke and others 2013]), or measures
that are specific to a single diagnosis (i.e. analogous to plasma glucose test for diabetes or
McDonald criteria for multiple sclerosis [Polman and others 2011]), suggesting unique
genetic factors influence illnesses. The NIMH recently proposed the Research Domain
Criteria (RDoC) strategy, which encourages researchers to focus their efforts on developing
new ways of classifying psychopathology by developing a biologically valid and dimension-
based taxonomy of functioning that encompasses behavior, neuroscience and genetics
[Cuthbert and Insel 2010; Insel and others 2010]. In essence the RDoC strategy is designed
to override the traditional psychiatric approach whereby mental illness is categorized using
clusters of symptoms while simultaneously discounting the overlapping pathophysiology of
those symptoms, whether that be behavioral neuroscience or genetics [Kapur and others
2012]. It is expected that the dimensions developed using the RDoC strategy will largely
dismiss traditional psychiatric diagnoses and that each dimension may cross one or more
diagnostic categories that have been treated previously as separate entities [Adam 2013].
Thus RDoC aims to bring psychiatry in line with the rest of the medical field where
quantitative, biologically valid tests are used to guide diagnoses. Not only is the
endophenotype approach ideally placed to provide solutions to the problems outlined in the
RDoC strategy but researchers whose focus has been on endophenotypes for many years are
ahead of the game. The aim of RDoC, to deconstruct heterogeneity associated with
psychiatric diagnoses using multiple behavioral and neuroscientific measures, is at its core
the same as that of the endophenotype approach [Gottesman and Gould 2003].
Endophenotypes represent a key tool for the development of a more refined and
biologically-based psychiatric classification system. Perhaps, with the advent of RDoC the
focus in the field of psychiatry research will shift from binary classifications of mental
illness to quantitative conceptualizations of interrelated disease entities that encompass
behavior and biology.

Understanding Heritability: What if the heritability of the endophenotypes is lower than
that of the illness?

At the simplest conceptual level, heritability can be thought of as a sort of genetic signal-to-
noise ratio. It indicates the relative strength of the overall, unspecified, genetic effects on a
trait. More technically, heritability is the proportion of the overall variance in a phenotype
that is attributable to the effects of genes [Falconer and Mackay 1996]. It varies from zero to
one where higher heritabilities representing stronger genetic effects. Classically, heritability
has been estimated from correlations among family members. Mendelian genetics predicts
that to the extent that a phenotype is genetically influenced, close relatives, such as siblings,
should be more phenotypically correlated than more distant relatives, such as cousins, and
the correlation should fall off in a predictable manner with the degree of family relationship.
Heritability estimated from twin samples is ‘broad sense’ heritability and includes
dominance and epistatic components. Heritability estimated from non-twin family samples
is generally ‘narrow sense’ or additive genetic heritability. Generally gene mapping studies
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use additive genetic models and so it is the additive component that is most useful for
assessing potential for gene mapping. But the broad sense/narrow sense distinction is
important to keep in mind as a potential explanatory factor if one is comparing heritabilities
from different types of study as heritabilities from twin studies are generally larger than
heritabilities from family studies. Recently, with the advent of increasingly dense genotype
and sequence data in large epidemiological studies, techniques have been developed to
estimate heritability using observed genomic sharing at genotyped markers rather than
predicted sharing based on pedigree relationship; this can be done in samples of unrelated
individuals [Blangero and others 2013; Speed and others 2012; Yang and others 2011].
Heritabilities estimated in this way are generally additive genetic, narrow sense,
heritabilities. Another important concept to note is that heritabilities are time- and
population-specific. Although the underlying genetic basis of a phenotype may not change
much over time or from one population to another, environmental influences can vary
substantially. As heritability is the ratio of genetic variance to total variance, increasing or
decreasing the environmental sources of variation can change heritability estimates for a
phenotype [Turkheimer and others 2003].

Heritability is an indicator of the overall strength of genetic effects on a phenotype and good
practice has generally required documenting that a phenotype is heritable before embarking
on gene localization studies. One criticism that has been raised of the endophenotype
approach in general is that traits that are put forward as potentially promising
endophenotypes often have heritabilities that are no better than the dichotomous diagnostic
phenotype with which they are correlated. This is presumed to support the argument that the
endophenotype provides no better prospect for gene mapping than the yes/no diagnostic
trait. However, endophenotypes offer a number of advantages for gene mapping studies
even when their heritabilities are equal to or lower than that of the illness itself.

An important feature of heritabilities is that they represent the aggregate effects of an
unknown number of genes and genetic variants. As such, a phenotype with a higher
heritability may be more difficult to map genes for than a phenotype with a lower
heritability whose genetic architecture is simpler. A classic example of this is height, which
has a heritability of 0.8 or higher [Crow and Kimura 1970; Silventoinen and others 2003]
but many loci contributing to its variation [Willer and others 2009]. Of course, this line of
argument raises the question of whether the genetic models behind endophenotypes are any
simpler than those behind diagnostic endpoints, particularly when the endophenotypes in
question are complex measures of personality, behavior, or cognition. However, there are
classes of phenotypes, and therefore potential endophenotypes, that are demonstrably closer
to the level of gene action and generally accepted to be influenced by fewer loci some of
which have quite large effects. In particular, transcriptomic and proteomic measures that are
strongly influenced by specific genes fall into this category (see above).

Assuming equally complex underlying genetic models, endophenotypes still offer
advantages for gene mapping as compared to yes/no diagnostic outcomes through the
greater inherent power for genetic studies provided by quantitative versus dichotomous
phenotypes. It can be shown that unless one assumes a high level of imprecision in a
quantitative measure, power for gene mapping is always better with a quantitatively
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measured phenotype, such as body mass index, than with a direct dichotomization of that
phenotype, such as obesity [Blangero and others 2003; Williams and Blangero 2004].
Typically, an endophenotype is not a direct measure of a quantitative trait used as part of the
diagnosis, but a related phenotype that is correlated with diagnosis. In this case, the
improvement in power of the quantitative phenotype comes in being able to discriminate
among affected individuals of greater or lesser severity and among unaffected individuals at
higher and lower risk by ordering individuals within each diagnostic category. However,
even greater analytic power can be obtained through joint analyses of the dichotomous
diagnostic phenotype and the quantitative correlated endophenotype [Glahn and others
2012; Liu and others 2009; Williams and others 1999; Yuan and Diao]. At heart, arguments
comparing the heritability of endophenotype and illness introduce a false dichotomy in
which studies of illness and endophenotype are assumed to be mutually exclusive. A well-
designed genetic study can maximize power by utilizing the complementary information in
both endophenotypes and diagnoses.

Conclusions

Endophenotypes are measurable biomarkers that are correlated with an illness, at least in
part, because of shared underlying genetic influences. They are heritable, are independent of
clinical state, co-segregate with illness within a family, and are impaired in non-affected
close relatives of patients as compared to a random population sample. In general, family
studies are required to formally test pleiotropy and establish that a candidate endophenotype
and the illness of interest share overlapping genetic influences. While neuroimaging,
electrophysiological, and cognitive measures are currently most used in psychiatric genetic
studies, researchers currently are attempting to identify candidate endophenotypes that are
less genetically complex and potentially closer to the level of gene action, such as
transcriptomic and proteomic phenotypes. Sifting through tens of thousands of such
measures requires automated, high-throughput ways of assessing and ranking potential
endophenotypes, such as the Endophenotype Ranking Value.

Endophenotypes may improve our power to detect genes influencing risk of illness by being
genetically simpler, closer to the level of gene action, and with larger genetic effect sizes or
by providing added statistical power through their ability to quantitatively rank people
within diagnostic category. They also provide insight into the mechanisms underlying illness
and will be valuable in developing biologically-based nosologies, through efforts such as
RDoC, that seek to explain both the heterogeneity within current diagnostic categories and
the overlapping clinical features between them. Endophenotypes have been successfully
used in genetic studies of schizophrenia and depression, contributing to gene finding and to
understanding of potential mechanisms.

Quantitative risk factors have a long and productive history in other areas of complex
disease genetics and recent technological advancements have made it both logistically and
economically feasible to collect tens or hundreds of thousands of measures of
transcriptomic, proteomic, neuroanatomical, neurological, cognitive, and behavioral
phenotypes. These potential endophenotypes compliment traditional case/control genetic
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studies and offer many advantages for advancing discovery and understanding in psychiatric
genetics.
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Endophenotype Publications Over Time
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Figure 1.

The number of peer-reviewed citations, per year, that include the term endophenotype from
1972 until 2013.
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