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Abstract

Intermediate phenotypes are traits positioned somewhere between genetic variation and disease.
They represent a target for attempts to find disease-associated genetic variants and elucidation of
mechanisms. Psychiatry has been particularly enamored with intermediate phenotypes, due to
uncertainty about disease etiology, inconclusive results in early psychiatric genetic studies, and
their appeal relative to traditional diagnostic categories. Here, we argue that new genetic findings
are relevant to the question of the utility of these constructs. In particular, results from genome-
wide association studies of psychiatric disorders now allow an assessment of the potential role of
particular intermediate phenotypes. Based on such an analysis, as well as other recent results, we
conclude that intermediate phenotypes are likely to be most valuable in understanding mechanism.

What’s the use of an endophenotype?

Until recently, genetic approaches in psychiatric disease had enjoyed limited success, but
large-scale collaborative a genome-wide association studies (GWAS) have now begun to
identify common and rare variants associated with schizophrenia, bipolar disorder and
autism spectrum disorders [1-11]. An alternative to these agnostic, large-scale approaches is
to focus instead on phenotypes thought to reflect disease processes. In this review we refer
to these phenotypes as intermediate phenotypes, rather than endophenotypes. Definitions of
‘endophenotype’ grace every review of this area (see Box 1 for some examples), and they
are not all alike. For our purposes, the critical distinction is between definitions in which an
endophenotype is considered to lie on the causal pathway to disease, and those in which it is
more generally an index of the likelihood that a subject has the disease (and could serve as a
biomarker). This distinction, noted by Walters and Owen [12], has been treated in detail by
Kendler and Neale [13]. Here we distinguish two ways in which intermediate phenotypes
could be used in genetic studies, and review their utility in genetic analysis of psychiatric
disease.
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The first use of intermediate phenotypes is to aid gene discovery. For example, if a genetic
study of major depression fails to identify a signal, then researchers may decide to focus
their attention on cognitive variables instead, reasoning that individual differences in the
processing of stimuli representing negative affect (such as a bias in the interpretation of sad
or happy faces [14]) might be an important mechanistic pathway, better reflecting the
underlying biology, and therefore more genetically tractable. In addition, they might include
data indicating activity in brain areas involved in processing affective or motivational stimuli
(such as the amygdala and nucleus accumbens). With results in hand, researchers can
combine the additional phenotypes with the diagnostic information, searching for a
subgroup in their data in which the genetic signal is enhanced. Alternatively (or additionally)
they can work solely with the new phenotypes, hoping that, by solving the genetics of
disease mechanism they can then later solve the genetics of disease itself (for example, a
locus identified for the cognitive measures could be tested for association in the depression
cohort). Of course, this approach depends on selecting the true disease model (i.e., the
correct intermediate phenotypes).

The second use of intermediate phenotypes is to interpret the results of genetic discovery
studies. For instance, suppose, through a genomewide association study (GWAS) or exome
sequencing, a number of genes are found that are unequivocally involved in conferring risk
of schizophrenia. Either the function of these genes is completely unknown, or their role in
psychiatric disease was never previously suspected. Genetic analysis of intermediate
phenotypes might provide clues to the role these genes play. For instance, in the case of
schizophrenia studies of high-risk individuals, together with birth and cohort studies,
indicate that cognitive deficits predate the onset of psychosis [15, 16]. These cognitive
features are heritable and are genetically correlated with psychosis (genetic correlations have
been estimated to be greater than 0.5) [17-19]. Researchers might attempt to identify loci
contributing to both variation in cognitive performance and risk of psychosis, and hence
begin to unravel the function of one group of genetic risk factors for schizophrenia.

Using intermediate phenotypes to find disease genes

For more than ten years intermediate phenotypes have been incorporated into genetic studies
of psychiatric disease. In our opinion, their use to identify disease genes rests on two key
assumptions.

The first assumption is that intermediate phenotypes are more tractable to genetic mapping
than a primary phenotype, principally because they are presumed to be closer to the
underlying biology. That is, we assume that genetic associations for intermediate phenotypes
will be less influenced by measurement error, environmental influences, or multiple pathway
effects that are likely to complicate the analysis of primary phenotypes. If this is true, and in
some cases it is where we are fortunate to have a well-placed intermediate measure, then
smaller sample sizes might be sufficient to identify these intermediate phenotypes. This, in
turn, also implies that the genetic architecture of intermediate phenotypes will be different to
that of disease phenotypes. However one must contend with the important notions that (i)
these intermediate phenotypes are often not available and (ii) with biological proximity often
comes a lack of clinical or real life translation (especially in the field of psychological traits).
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The second assumption is that once genetic loci contributing to the intermediate phenotype
have been found, this will facilitate the search for disease susceptibility loci. For instance,
rather than searching the entire genome for loci associated with the primary phenotype of
disease susceptibility, and suffering the penalty of applying a corrected significance
threshold of P < 5x1078 (i.e., genomewide significance), researchers will use a GWAS of the
intermediate phenotype to identify putative markers for disease susceptibility. Those few
found with reliable evidence in the GWAS of the intermediate phenotype can then be
followed up in relation to the primary phenotype to confirm their role in disease
susceptibility, requiring an appropriate but far less restrictive multiple comparison correction
[20]. In other words, intermediate phenotypes can provide a reduced search space for disease
susceptibility loci. We review the evidence for these assumptions in turn.

Genetic architecture

In a previous review [21] we asked whether the mean effect size of loci that contribute to
psychiatric disease was different from the mean effect size of loci contributing to variation in
intermediate phenotypes. We posed this question because larger effect sizes are easier to
detect, requiring smaller sample sizes (in other words, the phenotypes are more genetically
tractable). Since statistical power is proportional to the square of the effect size, if effect
sizes are halved, then four times the sample size is required for their detection. Therefore, if
genetic loci contributing to variation in intermediate phenotypes have larger effects sizes
than loci contributing to psychiatric disease, it would make sense for genetic studies to focus
on intermediate phenotypes (Figure 1). Our conclusion at that time was that the genetic basis
of intermediate phenotypes appeared to be at least as complex as that of psychiatric disease,
with no clear evidence of substantially larger individual effects [21]. However, we cautioned
that we had little reliable data about the genetic architecture of complex traits in humans.

We are now in a position to address empirically whether intermediate phenotypes are more
tractable to genetic mapping than psychiatric disease primary phenotypes. The extent to
which intermediate phenotypes help with gene identification depends on their genetic
architecture — the number of loci, their effect sizes and the way they operate. We now know
the likely genetic architecture of complex traits in general, and something of psychiatric
disease in particular.

One of the most important observations to emerge is that almost all complex traits have a
highly polygenic component to their variance: that is, their genetic basis consists of
relatively frequent (> 5%) risk alleles at a very large number of loci, each making a small
contribution to variation, or disease susceptibility. Across all diseases, the median odds ratio
(OR, a measure of the extent to which a genotype, or allele, increases the risk of developing
disease) is 1.25 This observation is drawn from the 1,736 studies in the National Human
Genome Research Institute (NHGRI) catalog of published GWAS (564 studies of disease;
accessed November 2013) [22]. Fewer than 2% of the observations have an OR greater than
2.5, and fewer than 1% have an OR greater than 4. Similarly, for quantitative traits, the
amount of variance explained by a locus is much less than 0.5%. Even these estimates are
likely upwardly biased due to the inclusion of smaller studies and Winner’s Curse effects
[23].
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What is the contribution of common genetic variation to the genetic architecture of
psychiatric intermediate phenotypes? We now have answers to this question. Brain structural
variation is a plausible intermediate phenotype — similar differences in brain structure have
been found in unaffected individuals at increased genetic risk of psychiatric illness and
affected individuals [24-26]. These phenotypes have been subject to GWAS [27-30], and
the loci identified “have comparable effect sizes to those observed in other genome-wide
association studies of complex traits” [27]. One marker explains just 0.58% of intracranial
volume per risk allele and required 21,151 subjects (combined cases and controls in
discovery and replication samples) to be identified [27]. Mapping of measures of cognitive
performance [31] similarly shows genetic effects no larger than those found for psychiatric
disease. Two consortia, one based in Europe (the Wellcome Trust Case Control Consortium;
http://www.wtccc.org.uk/ccc2/projects/ccc2_pe.html) and one in the United States (the
Consortium on the Genetics of Endophenotypes in Schizophrenia [32, 33]), have gathered
cognitive, neuroanatomical and neurophysiological phenotypes that may act on the causal
pathway to schizophrenia. The European consortium has so far published no genome-wide
significant hits, while the United States consortium has reported linkage (not association)
analyses of 12 endophenotypes, finding only one locus that exceeded genome-wide
significance [34]. This result is no more successful than prior attempts to identify risk loci
for schizophrenia through family-based linkage mapping [35, 36]. The authors point out:
“while the biological basis of these endophenotypes may be simpler than that of
schizophrenia per se, they nonetheless remain complex and appear to be highly polygenic.
Conceivably, a refinement of these endophenotypes may probe a more specific physiology
and thereby be sensitive to a more pure genetic signal” [34]. Is that optimistic conclusion
realistic?

We can examine the idea that a specific physiology has a “purer genetic signal”, in the sense
that it has a more tractable genetic architecture, by looking at what is known about the
genetic basis of physiological phenotypes far simpler than psychiatric disease. It seems
reasonable to propose that measures of protein concentration and metabolites levels qualify
as probes for more specific physiology; in other words, they should be good intermediate
phenotypes. The locus-specific effects of such phenotypes are all small: the mean effect size
for 95 loci that influence blood lipids is 0.12% phenotypic variance [37], while the 17 loci so
far discovered that contribute to variation in serum C-reactive protein have a mean effect size
of 0.28% [38]. The 26 loci influencing serum urate levels have a mean effect size of 0.26%
of phenotypic variance [39]. Effect sizes on cellular phenotypes are of a similar magnitude
— 0.12% of phenotypic variance for 75 loci contributing to variation in mean red cell
volume [40].

While the available GWAS data do not indicate that intermediate phenotypes will
necessarily be any more genetically tractable than psychiatric disease, there is one important
proviso: even a small increase in the mean locus-specific effect size has a substantial impact
on power (given that power is proportional to the square of the effect size). Consistent with
the notion that height and weight are more complex phenotypes (that is, less biologically
coherent) than lipid levels, locus-specific effects are smaller: the mean effect size for 180
loci on height is 0.058% of phenotypic variance [41] and mean effect on weight is 0.045%
of phenotypic variance for 32 loci [42]. These figures are lower than the effects found for
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lipids and red cell phenotypes. Thus while more than 50,000 subjects may be needed to
detect a single locus contributing to major depression susceptibility [43], a comparable
figure for an intermediate phenotype might be less than 10,000. Consequently, genetic

analysis of the latter may be a preferable first step (cheaper and quicker) than studying

disease.

One objection to this argument is that we do not know how to predict the genetic
architecture of a phenotype prior to genetic mapping. Just because a phenotype qualifies as
intermediate does not guarantee that it has a more tractable genetic architecture to disease. It
was not clear a prioriwhy genetic analysis of Crohn’s disease would require a few thousand
cases, whereas breast, prostate and colorectal cancers required much larger samples [44].
Heritability is not a useful guide (as the example of height indicates [45]). Supposed
proximity to the underlying biology (and therefore site of genetic action), while an attractive
concept, has not turned out to have much predictive value. This remains an area where we
must be guided by empirical findings from GWAS.

Reduced search space

One justification for finding loci that influence an intermediate phenotype is that
subsequently testing the involvement of the locus in psychiatric disease will require a
smaller sample size than a genome-wide analysis, since investigators will not have to impose
a significance threshold that takes into account multiple testing across the entire genome. At
first sight, the saving appears impressive. Ignoring correlation between markers, the required
corrected 0.05 significance threshold for testing 1 million markers expressed as a Z score, is
5.40 standard deviations. Testing a single variant requires a Z score of 1.96. The reduction in
sample size is then approximately the square of 1.96/5.40, or 7.6 times smaller.

We can provide numbers for the sample size savings by using the mean OR for loci recently
reported for schizophrenia. The mean OR for the 27 genome-wide significant loci is 1.10[1].
Assuming a population prevalence of schizophrenia of 0.7%, and assuming both the marker
and disease-causing allele have a minor allele frequency of 0.3, then to achieve 80% power
to detect a single locus at a 5% significance threshold (not genome-wide) we require 4,000
cases and 4,000 controls. This appears preferable to testing 32,000 (about eight times as
many for a GWAS).

However the penalty in sample size attributable to the imposition of a genome-wide
significance may be much less than the penalty required to detect an even slightly smaller
effect locus, which may be the case with the locus that the intermediate phenotype analysis
has proposed for testing. The effect size found in the intermediate phenotype analysis is no
guide to the effect size that the same locus exerts on the psychiatric disease. Assuming a
slight reduction in the OR from 1.1 to 1.08, the required sample size jumps to 24,000 (i.e.,
12,000 cases, 12,000 controls) [46], almost large enough to detect genome-wide significant
signals for the loci with OR of 1.1 and above. In other words, the saving in sample size is
not necessarily as large as first appears to be the case.

Trends Neurosci. Author manuscript; available in PMC 2016 July 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Flint et al.

Page 6

A further sample size penalty is incurred when we realize that it is unlikely that only one
locus will need to be validated: a 5% uncorrected significance threshold is inappropriate. As
described above, intermediate phenotypes are polygenic, and their mapping will generate a
large number of loci for testing in psychiatric disease. The genetic correlation between
disease and intermediate phenotype will be much less than 100%, so that many of the loci
cannot both be disease risk locus and a contributor to intermediate phenotype variation; for
example, the genetic correlation between cognitive phenotypes and schizophrenia is
estimated to be approximately 0.5[17]. Therefore, many loci will have to be tested, and a
simple 0.05 significance threshold will be inappropriate. Allowing for ten variants tested
(quite probably an underestimate), the sample sizes required for the two effect sizes
described above (ORs of 1.10 and 1.08) increase to 12,000 and 37,000 respectively. Once
again, the savings in sample size are again not as large as first expected, and given the
expense associated with the collection of many intermediate phenotype savings in sample
size do not necessarily translate into greater efficiency.

Using intermediate phenotypes to find disease mechanisms

The use of intermediate phenotypes to reveal disease mechanism depends on the assumption
that a complex phenotype, such as schizophrenia, addiction or depression, can be broken
down into a series of simpler component units. These intermediate phenotypes are thought to
be more biologically coherent than the primary disease phenotype; that is, disease
classification is derived from clinical needs, primarily reproducibility, whereas intermediate
phenotypes arise from neuroscience research. In this sense, the use of intermediate
phenotypes reduces to the challenge to understand the biology of brain mechanisms as it
relates to disease. There are two ways in which the biological coherence of an intermediate
phenotype is critical for its use.

In the first, an intermediate phenotype includes physiology relevant to understanding disease
pathogenesis. Suppose that a psychiatric disease arises in part from a disordered neuronal
circuit, whose anatomical location and components are unknown. If a phenotype can be
found that specifically reflects activity in that circuit, the phenotype can be described as
more coherent than the disease, reflecting a process that gives rise to disease. In the extreme
case, the use of intermediate phenotypes could reduce pathogenesis to a molecular change,
as was possible for sickle cell anemia, an inherited blood disorder. Sickle cell patients
possess a mutation that replaces the hydrophilic amino acid glutamic acid with the
hydrophobic amino acid valine at the sixth position of the beta chain of the haemoglobin
molecule. Losing a polar amino acid enhances the molecular aggregation of haemoglobin,
altering the shape of the red blood cell so that it loses plasticity, distorts, and occludes blood
vessels with life-threatening consequences. Measurements of how a normal blood cell
navigates the body’s circulation, which in turn depend on information about membrane
mechanics and circulatory competence, are the equivalents of the intermediate phenotypes of
brain structure, memory and intelligence assayed in a study of schizophrenia.

One immediate obstacle to this application of intermediate phenotypes is that we do not
know which physiology is relevant to psychiatric disease. Kendler and Neale point out that it
is “difficult in humans to actually discriminate between liability-index and mediational
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models, especially when joint models .... are plausible alternatives” [13]. If the phenotype is
a consequence of disease, or a liability-index, it will not help with attempts to understand the
biological basis of psychiatric illness through genetic analysis. A key step in the use of
intermediate phenotypes is obtaining evidence that the phenotype lies on the causal pathway
from gene to disease. As Kendler and Neale emphasize, establishing that aetiological
relationship is not easy. Indeed, we could say that a major aim of intermediate phenotype
research is to establish causal pathways, rather than starting from the premise that they are
on the causal pathway.

Ignorance about causal relationships is not due to a lack of theories about important
pathways. For example, for major depression we can identify at least seven: (i) alterations in
cAMP signaling pathway [47], (ii) impaired corticosteroid receptor signaling [48], (iii)
neurotrophins [49], (iv) alterations in fibroblast growth factors [50], (v) GABAergic deficits
[51], (vi) epigenetic changes at glucocorticoid receptors and brain derived neurotrophic
factor [52], and (vi) alterations in glutamate [53] and (vii) alterations in serotonin signaling
[54]. Each theory suggests possibilities for collecting intermediate phenotypes, at multiple
levels (for instance, measuring GABA and glutamate concentrations by proton magnetic
resonance spectroscopy [55]). Since we know so little about the origins of psychiatric
disease, we are left in the situation of collecting a large number of intermediate phenotypes
in the hope that some might aid our understanding of the disease.

The second way in which biological coherence is important is when it refers to the ease with
which genetic findings can be interpreted. For some complex diseases, genes identified
through GWAS of the primary phenotype (i.e., disease susceptibility) have informed us
about mechanism: inflammatory bowel disease [56], multiple sclerosis [57], and type 2
diabetes [58] provide examples. However, there is a legitimate concern that genetic mapping
of psychiatric disease may provide little mechanistic insight because of the complexity of
the phenotype [59]. Intermediate phenotypes are expected to suffer less from this problem,
since they are not defined to meet the pragmatic demands of clinical utility, but rather
supposedly correspond more closely to a biological substrate. An attraction of the biological
coherence assumption is that intermediate phenotypes represent more biologically
meaningful units than disease, and this will make genetic analysis easier.

Genetic mapping of intermediate phenotypes is not yet sufficiently advanced to know
whether in general they have greater biological coherence, at a gene level, than psychiatric
disease. The few results for brain morphometry hint at relevant biology — HRK acts as a
regulator of apoptosis [60], FBXWS& has a known role in promotion of dendrite growth in
hippocampal [61], SBNOL1 is involved in Notch signaling [62] — but these results have not
be been subject to the detailed pathway and functional analyses that might indicate
mechanisms [63]. Currently it is unknown whether the interpretation of mapping
intermediate phenotypes will prove easier than the interpretation of mapping disease
phenotypes.

A substantial literature has emerged in recent years describing attempts to take a locus
identified via GWAS and attempt to show association with a relevant intermediate
phenotype. This, in principle, could provide insight into the mechanistic pathway between

Trends Neurosci. Author manuscript; available in PMC 2016 July 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Flint et al.

Page 8

genetic variation and disease. An example is that of six markers for schizophrenia identified
using GWAS and selected for further testing for association with a number of relevant
cognitive measures [64]. Five out of the six variants showed no association at a 5%
significance threshold, while one (rs6904071 on chromosome 6) was associated with
episodic memory in the predicted direction (the disease predisposing allele reduced
performance on the cognitive task).

We reviewed the literature for intermediate phenotype analyses of markers identified in
GWAS studies of psychiatric disease. Two loci have received considerable interest: one
marker associated with susceptibility to bipolar disorder, rs1006737 (MAF = 0.305) in the
CACNAIC gene [65] and one marker associated with schizophrenia, rs1344706 (MAF =
0.345) in the ZNF804A gene [66]. We identified 35 relevant studies (Supplemental Table).
The range of phenotypes tested (brain imaging, cognitive phenotypes), the differences in
subjects included (healthy, bipolar disorder, schizophrenia), and the mixture of study designs
(case control or quantitative variation) precluded a meta-analysis. However, we can use the
information gleaned about expected effect sizes to provide a simple estimate of power. Using
the minor allele frequency of 0.305 (for rs1006737) and assuming the causative variant is in
high linkage disequilibrium (r2 = 1) with this marker, then for an OR of 1.5 we need a
sample size of 801 to obtain 80% power at a significance threshold of 0.05 [46]. For an OR
of 1.2 (a more reasonable, but still conservative, estimate of effect size) the required sample
size is 2,340, while for an OR of 1.1 it is 8,414. In fact, no study is adequately powered to
detect an OR of 1.2, and only five would be able to reliably detect an OR of 1.5. The median
sample size of all studies is less than 200, adequately powered only to detect an OR of 2.5 or
above. In short, these studies on intermediate phenotypes are underpowered, and their results
should be treated with extreme caution[23].

These examples provide a salutary lesson. A researcher might perform a genetic association
study of a candidate gene or a GWAS-confirmed variant and obtain a result with a P-value
less than 0.05, and therefore conclude that the hypothesized association is proven. However,
recall that the genetic architecture of intermediate phenotypes resembles the genetic
architecture of other complex traits. If the effect size detected is inconsistent with that
expected, then the result should be treated with the same scepticism due any unexpected
finding. Extraordinary claims require extraordinary evidence, and not all P-values are
created equal [67]. Loci with effect size equivalent to an OR greater than 2, or explaining
more than 1% of phenotypic variance, are extremely rare, while those explaining more than
5% of the variance are almost unheard of.

Conclusions

We can summarize our argument with two points. The first is that there is little evidence that
the observed variation in genetic architecture for intermediate phenotypes currently available
is any different to that of other complex traits. The second is that, despite this, the limited
understanding of the origins of psychiatric disease makes the acquisition of intermediate
phenotypes that capture the mechanisms underlying disease processes essential to the
interpretation genetic findings. This process is conceptually no different from the acquisition
of physiological information to interpret a molecular explanation of disease origin. In
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particular, the use of the term endophenotype obfuscates the traditional process of
understanding pathogenesis by casting undue weight on the genetic component of the
measure and by assuming that the phenotype is part of the causal pathway from genetic
variant to disease [13]. We may be better served by working to improve the precision of our
phenotypes, and thereby reduce measurement error (see Box 2).

Stating that intermediate phenotypes are in general no more genetically tractable than other
complex traits does, however, ignore the fact that there is variation in genetic architecture.
As we have discussed, some phenotypes are more genetically tractable than others, and even
a small increase in the mean effect size will improve the chances of gene identification. It is
therefore unwise to ignore the opportunities that mapping an intermediate phenotype might
provide; the danger lies in assuming that the mapping these traits will be substantially easier
than using the psychiatric disease phenotype. In other words, even if one is able to access a
suitable intermediate measure, larger effects should not be assumed and moreover, if use of
the new phenotype only increases statistical efficiency efficiency and genetic tractability at
the cost of meaningfully translated outcomes, their relevance may arguably be limited.

We expect that the best use of intermediate phenotypes will not lie in aiding gene
identification but in interpreting the results of GWAS of psychiatric disease, through a
variety of existing and novel study designs (see Box 3). The heterogeneous origins of many
psychiatric disease, and the recognition that they may have little biological coherence (at a
genetic level), suggests that genetic mapping alone may not be particularly useful for
revealing how disease arises [59]. Having a phenotype that reflects a real, or even
hypothesized, mechanism of how a gene acts on disease will be extremely useful. To take
one example, there is considerable evidence that major depression is comorbid with anxiety
disorders [68-77]. If we map depression and anxiety in the same subjects, we will be able to
distinguish genetic loci that contribute specifically to one or the other disorder, and also find
loci that affect both [78, 79]. This information is required for understanding the pathway by
which genetic risk for depression results in disease. The expanding literature on examining
the association between intermediate phenotypes and markers found to be genome-wide
significant for a psychiatric disease [80-86] is testament to the perceived value of
intermediate phenotypes in interpreting genetic signals.

We do not want to imply that intermediate phenotypes are of no value; rather we believe that
they should be treated like any other complex trait, posing similar difficulties for analysis
and interpretation. We expect that, if treated in this way, intermediate phenotypes will play
an increasingly important role in the interpretation of GWAS results for psychiatric disease
(see Box 4)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1
Endophenotype definitions

Cannon and Keller 2006 [87] : “Endophenotypes are intermediate phenotypes, often
imperceptible to the unaided eye, that link disease-promoting sequence variations in
genes (haplotypes or alleles) to lower level biological processes and link lower level
biological processes to the ‘downstream’ observable syndromes that constitute diagnostic
categories of disorders .”

Vrieze, lacono and McGue 2012 [88] : “An endophenotype is a heritable, biologically
based, objectively quantifiable measure that is associated with a psychiatric phenotype
because both share a common genetic influence. Endophenotypes hold promise for gene
finding because they are believed to (a) be more proximal to the effects of genes; (b) tap
one of many facets of a disorder and thus be more etiologically homogeneous than the
associated disorder; (c) be more highly heritable than the disorder, thus likely to produce
larger effect sizes and boost GWAS power; or, (d) because the endophenotype deals with
an etiologically homogenous facet of the disorder, be associated with fewer genes each of
which may be expected to have larger individual effect sizes.”

Gottesman and Gould 2003 [89] : “1. The endophenotype is associated with illness in the
population; 2. The endophenotype is heritable; 3. The endophenotype is primarily state-
independent (manifests in an individual whether or not illness is active); 4. Within
families, endophenotype and illness co-segregate; 5. The endophenotype found in
affected family members is found in nonaffected family members at a higher rate than in
the general population. ... Endophenotypes represent more defined and quantifiable
measures that are envisioned to involve fewer genes, fewer interacting levels and
ultimately activation of a single set of neuronal circuits. The fewer the pathways that give
rise to an endophenotype, the better the chances of efficiently discovering its genetic and
neurobiological underpinnings.”
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Box 2
Improving measurement precision to refine gene-disease associations.

Genome-wide association studies revealed an association between several loci in the
nicotinic acetylcholine receptor gene cluster CHRNA5-A3-B4 and daily cigarette
consumption [90, 91]. This was of particular interest because models of nicotine
dependence primarily implicated the alpha-4 and beta-2 nicotinic receptor sub-units, and
notthe sub-units encoded by these genes. Following the identification of this association,
research using knock-out mouse models indicated that the alpha-5 sub-unit does in fact
influence nicotine self-administration, via tolerance to the toxic effects of high doses of
nicotine [92]. Subsequent human studies have sought to further explore this association,
using refined phenotypes. These have shown that a locus within this cluster, marked
primarily by two SNPs (rs1051730 and rs16969968, which are in perfect linkage
disequilibrium in samples of European ancestry), is also associated with levels of
cotinine, the primary metabolite of nicotine [93]. Interestingly, this association remains
after adjustment for self-reported smoking, which suggests that even amongst people who
smoke the same number of cigarettes there is still genetically-influenced variation in
nicotine consumption. This is likely to be due to differences how a cigarette is smoked
(e.g., volume of smoke inhaled per puff, number of puffs taken per cigarette), and
subsequent volume of smoking inhaled. Ongoing work is investigating the potential
mediation of the relationship between variation at the CHRNA5-A3-B4 gene cluster and
cotinine levels by volume of smoke inhaled, using precise measures of smoking behavior
— cigarettes per day is in fact a relatively noisy measure of exposure, while cotinine levels
is a highly precise measure. The use of phenotypes less subject to measurement error,
such as measures of cotinine levels rather than cigarettes smoked per day, has therefore
refined this association, and provided an indication of the mediating mechanisms.
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Box 3
Recall-by-genotype and intermediate phenotypes

The exhaustive collection of intermediate phenotypes in large studies is impractical and
not the most efficient approach to the allocation of finite resources. Therefore the targeted
measurement of dense or precise phenotypic characteristics within selected groups is
appealing. Recall-by-genotype studies provide a way of selecting subjects so as to
maximize the value of collecting intermediate phenotypes. Key benefits include the
ability to draw causal inferences in a manner similar to that seen in Mendelian
randomisation studies [94]. Subjects in recall-by-genotype experiments are essentially
“randomized” with respect to other genotypes and potential confounding factors.
Analyses are less subject to bias and to the possibility that associations are due to reverse
causality (Box Figure A). There are also benefits in terms of statistical efficiency. Where
one wishes to measure expensive phenotypes in order to clarify the nature of a genetic
association or to assess the implications of a specific risk factor, statistical power can be
improved by using genotype-specific recall instead of random sampling. For example, it
is far more powerful to selectively phenotype 100 rare homozygotes and 100 common
homozygotes than to phenotype 200 individuals selected at random, because the latter
design would select only a small number of individuals with the rare genotype. This is
particularly true in the case of low frequency genetic variants (including CNVs etc.), or
combinations of genetic variants that produce low frequency genotype combinations)
where the increase in power is particularly dramatic (Box Figure B). The approach can
also be extended to make use of polygene scores [66], where individuals at the extreme of
the score distribution can be selected in a similar way. Lastly, these designs allow precise
and refined phenotype measurements (otherwise unavailable in large collections) to be
made within smaller targeted experiments. These are likely to further increase statistical
efficiency as well as support better understanding of causal pathways.
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Justification for recall by genotype approaches
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Box Figure. Genotype by Recall
A — Schematic representation of how recall by genotype studies mirror randomized

controlled trial designs and thus allow for the development of causal inference. B - Power
to detect differences across homozygotes for a genotype “x” for a model phenotypic
measurement following the recall of 200 participants either at random (given a range of
minor allele frequencies, 0.1-0.4) or where balanced groups each of 100 homozygotes
have been selected for assessment (“recall fixed”). Total sample size = 200, a= 0.05. For
the purposes of illustration, high-cost target data are polysomngraphy-recorded neuro-
oscillatory brain activity characteristics taken from [95].
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Box 4
Outstanding questions
How can we take GWAS findings into functional insights?

Causal modelling has previously attracted attention as way to tie together gene expression
and phenotypes [96], but current enthusiasm currently ¢ s

How can we combine disease outcomes and mechanistic pathways?

Over the next few years, as sample sizes increase and genotyping and sequencing costs
fall, we can expect to obtain robust association results for psychiatric diseases and the
biological phenotypes that are believed to be related to them, such as assays of brain
function and structure obtained from imaging. How best to combine these phenotypes
remains problematic. Even with loci that have been shown to be robustly associated with
psychiatric disease phenotypes, pursuing these using mechanistic intermediate
phenotypes will require much larger sample sizes than is typical for studies of this kind.
One possible solution is the harmonisation of data collection across multiple studies, and
the formation of consortia focused on these mechanistic phenotypes. Examples already
exist, such as the Enhancing Neuro Imaging Genetics through Meta-Analysis (ENIGMA)
consortium (http://enigma.ini.usc.edu).

What can genetic studiestell us about environmental exposures?

It is widely assumed that once we identify loci via GWAS, this will be a starting point for
greater biological insight into the mechanisms underlying the phenotype. However,
GWAS will also identify variants associated not directly with the phenotype, but
indirectly via an environmental modifiable exposure. In other words, these studies will be
informative about environmental risk factors. Behavioural traits, which represent
modifiable targets for intervention (e.g., obesity, tobacco use, alcohol use) are heritable,
and GWAS are beginning to identify loci associated with these. If GWAS for a disease
phenotype identifies loci also associated with a behavioural trait, this can only be
explained by either a direct, pleiotropic effect on both phenotypes, or an indirect effect
mediated by the intermediate modifiable or environmental exposure. For example, if loci
independently shown to be associated with smoking behavior also emerge in GWAS of
psychiatric disease, one possible interpretation is that this reflects a causal relationship
between smoking and the disease.

How can we use genetic information to identify causal pathways?

Mendelian randomization (MR) uses genetic variants as instruments for environmental
exposures. These can take the form of individual single nucleotide polymorphisms
(SNPs), or polygenic risk scores, which must be robustly associated with the exposure of
interest (e.g., smoking heaviness or alcohol use). The principle of MR relies on the basic
(but approximate) laws of Mendelian genetics (segregation and independent assortment).
If these hold then, at a population level, genetic variants will not be associated with
potential confounders. The SNP or risk score is therefore a proxy for the exposure, and
can be used to infer a causal relationship between the exposure and an outcome. Recall-
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by-genotype studies (see Box 3) retain the key characteristics of MR and can be used to
explore causal pathways, focused on intermediate mechanistic phenotypes.
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Figure 1. Statistical Power

Simulated data are plotted to show power (vertical axis) for different sample sizes
(horizontal axis) for six different effect sizes, expressed as odds ratios. The simulations use
two million SNPs and are taken from [97], which contains details of the parameters used.
The significance level was set at 5x10—8. Sample size is shown for the number of cases
required; the simulations assume an equal number of controls.
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