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2Department of Psychiatry, University of Pittsburgh, Pittsburgh, PA
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Abstract

Endophenotypes are quantitative, heritable traits that may help to elucidate the pathophysiologic 

mechanisms underlying complex disease syndromes, such as schizophrenia. They can be assessed 

at numerous levels of analysis; here, we review electrophysiological endophenotypes that have 

shown promise in helping us understand schizophrenia from a more mechanistic point of view. 

For each endophenotype, we describe typical experimental procedures, reliability, heritability, and 

reported gene and neurobiological associations. We discuss recent findings regarding the genetic 

architecture of specific electrophysiological endophenotypes, as well as converging evidence from 

EEG studies implicating disrupted balance of glutamatergic signaling and GABA-ergic inhibition 

in the pathophysiology of schizophrenia. We conclude that refining the measurement of 

electrophysiological endophenotypes, expanding genetic association studies, and integrating 

datasets are important next steps for understanding the mechanisms that connect identified genetic 

risk loci for schizophrenia to the disease phenotype.

Introduction

Despite substantial heritability, the genetic architecture of schizophrenia is incompletely 

understood.1 Using population-based genome-wide association (GWA), susceptibility loci 

for schizophrenia have been localized.2-8 Indeed, the most recent analysis from the 

Schizophrenia Working Group of the Psychiatric Genomics Consortium (PGC) compared 

36,989 cases and 113,075 controls to identify 108 conservatively defined loci that meet 

genome-wide significance, 83 of which had not been previously reported.9 This work 

represents an important step forward for genetics of psychoses in understanding the genetic 

determinants for schizophrenia. However, the identified loci do not directly imply the 

involvement of specific genes, and identified quantitative trait loci (QTL) explain only a 

small proportion of the heritable risk.10 Endophenotypes have been proposed as a way to 

link genetic risk loci to disease phenotype in a mechanistic way.2 Given the lack of objective 

laboratory-based diagnostic measures for neuropsychiatric disorders like schizophrenia, as 
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well as the substantial phenotypic heterogeneity, endophenotypes can provide important 

quantitative metrics that may be closer to the underlying disease biology.3

Furthermore, data are rapidly accumulating that rare variants may have a substantial 

cumulative effect on disease risk relative to common variants captured in conventional 

GWA studies.11-18 Recently, Lee and colleagues calculated that only 23% of the variation in 

schizophrenia can be ascribed to common variants, suggesting that more than 2/3 of the 

genetic variation may be due to rare variants.19 Data from the 1000 Genomes Project 

confirm that rare (<1%) variants constitute the vast majority (73%) of polymorphic sites in 

humans.20 A recent exome sequencing study focused on rare functional variants examined 

2,536 schizophrenia cases and 2,543 controls of European ancestry, providing the strongest 

evidence to date for specific genetic variants that increase risk for psychosis.21,22 Purcell 

and colleagues identified numerous primarily rare (<1 in 10,000) mutations across many 

genes that, when considered in aggregate, are strongly associated with schizophrenia risk.21 

While these genes were distributed throughout the genome, functional characterization 

identified their involvement in networks that directly influence neuronal function, including 

the voltage-gated calcium ion channel, the activity-regulated cytoskeleton-associated 

scaffold protein (ARC), and the N-methyl-D- aspartate receptor (NMDAR) postsynaptic 

signaling complex, gene sets previously implicated in schizophrenia risk through analyses of 

copy number variants (CNVs).23 No individual variant or gene-based test achieved 

statistical significance, which suggests that a complex polygenic burden increases risk for 

psychotic disorders through multiple targets within each metabolic pathway. Examining 

exome sequence data from 623 schizophrenia parent proband trios, Fromer and colleagues 

demonstrated that de novo mutations were over-represented among glutamatergic 

postsynaptic proteins comprising the ARC and NMDAR complexes, strikingly consistent 

with the much larger case-control data presented by Purcell and colleagues.21,22 Although it 

is possible that with additional samples individual rare variants identified with exome or 

whole genome sequencing may become significant, the current findings clearly demonstrate 

the polygenic nature of psychosis risk, and suggest that both common and rare variants 

confer risk for schizophrenia.

This new understanding regarding the involvement of both common and rare variants in the 

genetic architecture of schizophrenia is consistent with the notion that multiple rare 

mutations occurring within common gene pathways appear to contribute to risk for 

psychotic illness.24 If so, biologically characterizing the impact of identified gene sets on 

illness risk could be quite difficult using affection status alone. In this context, using a 

genetically informed quantitative diagnostic proxy could dramatically improve our ability to 

conceptualize the impact of specific mutations/variants, gene sets, or networks on biological 

processes predisposing to schizophrenia. At one level, an endophenotype is such a proxy.25 

Our manuscript reviews research designed to identify and implement endophenotypes to 

better understand schizophrenia. We will focus on electrophysiological putative 

endophenotypes, given the consistent evidence for electrophysiological markers as 

genetically mediated intermediate traits as well as their potential relevance to underlying 

disease biology.26,27 Furthermore, electrophysiological endophenotypes have high 

translational value, as they can also be effectively modeled in animals.28-31.
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Endophenotype: A Definition

An endophenotype is a trait that is related to the genetic liability for an illness, but is not 

itself a measure of that illness32. In other areas of medical genetics, the terms “allied 

phenotype” or even “risk factor” may be used, though the term “endophenotype” has a close 

association with psychiatric genetics. Most researchers agree that for a trait to be considered 

an endophenotype, it must: (1) be heritable; (2) associated with the illness; (3) mostly 

independent of clinical state; and (4) impairment must co-segregate with the illness within a 

family; and (5) represent reproducible measurements.33-36 As quantitative endophenotypes 

may provide a more precise estimate of the underlying liability distribution, they are thought 

to provide greater power to localize disease-related genes than affection status alone.25,36-38 

We previously argued that the criteria for an endophenotype can be reduced to evidence for 

heritability and evidence for a genetic relationship (i.e., pleiotropy) with the illness.25,39 

This requirement of pleiotropy implies that endophenotypes are directly comparable to allied 

phenotypes discussed in other areas of complex disease genetics.40 In this context, we 

conceptualize endophenotypes as quantitative, laboratory-based measures that represent 

intermediate links between genetic contributions and clinical phenotypes.

While most attempts to define endophenotypes focus on a specific illness41,42 there is 

growing evidence that endophenotypes often elucidate neurobiological mechanisms that are 

shared across disorders.25,38 Given substantial evidence for pleiotropy between 

schizophrenia and bipolar disorder,43-45 and to a lesser extent major depression,46 the lack 

of diagnostic specificity of many endophenotypes is not surprising. Thus, endophenotypes 

may lack specificity to particular neuropsychiatric disorders, but that may be an accurate 

reflection of genetic and neurobiological mechanisms shared by the disorders.

Electrophysiological Endophenotypes

Electroencephalography (EEG) is an excellent tool for studying endophenotypes in clinical 

populations because it is relatively inexpensive, comfortable for subjects, and collects data 

with high temporal resolution.47 Several candidate neurophysiological endophenotypes in 

schizophrenia have been proposed, including the P50 event-related potential amplitudes and 

gating, oculomotor antisaccade, mismatch negativity (MMN), and the P300 event-related 

potential.26,48,49 The acoustic startle reflex, or prepulse inhibition (PPI), is another 

commonly investigated EEG marker proposed as a schizophrenia endophenotype, but 

substantial variability and the presence of PPI deficits across numerous neuropsychiatric 

disorders has tempered the case for PPI as a specific endophenotype of schizophrenia.50,51 

Each measure has demonstrated strong evidence of abnormality in patients with 

schizophrenia, and all show heritability and have been observed in unaffected first-degree 

relatives. This review will briefly address how each measure shows: 1) evidence of deficits 

in schizophrenia; 2) stability over time; 3) relative independence of fluctuations in clinical 

symptoms; 4) deficits in unaffected family members; and 5) heritability. Turetsky and 

colleagues and Light and colleagues provide more extensive reviews of empirical data 

supporting the relationships of each endophenotype to schizophrenia; here we provide an 

updated review of each potential endophenotype, with discussion of major findings related 

to neural mechanism and putative genetic links.26,49 We also consider potential emerging 
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electrophysiological endophenotypes not discussed in previous reviews. It should serve as a 

critical evaluation of the current evidence supporting each potential endophenotype as a 

useful tool in aiding the investigation of schizophrenia genetics. We used the search engines 

Google Scholar and PubMed to complete the following search: [electrophysiol* OR EEG 

OR ERP] AND [schizophrenia OR psychosis] AND [endophenotype OR intermediate 

phenotype OR inherited]. To describe deficits in individuals with schizophrenia relative to 

healthy controls, we focused on studies that included individuals at clinical high-risk or 

prodromal states, first episode states, and/or chronic states. Studies on childhood onset 

schizophrenia were not included in this review. For genetic research, we prioritized studies 

with very large sample sizes but also included ones with smaller sample sizes to better 

characterize publications the field and the diversity of results. Titles and abstracts were used 

to select studies that were associated with the goals of the present review. See Table 1 for a 

summary of findings on each endophenotype.

Sensory gating and P50

Deficits in sensory gating have been studied extensively as potential endophenotypes for 

schizophrenia, and are among the most robust biological findings associated with the 

disorder.52-54 Sensory gating deficits refer to Venables' theory that abnormalities of 

attention and information processing in schizophrenia are partly caused by stimulus 

“flooding” via sensory overload, or the failure of normal sensory filtering and gating 

mechanisms.55 A prominent method for demonstrating this impairment is the P50 paradigm, 

in which EEG recordings measure the response to two identical auditory stimuli (named S1 

and S2) that occur 500 ms apart. Healthy control participants typically show a reduced or 

suppressed P50 to S2 relative to S1 (typically depicted as a ratio, S2/S1). The suppressed 

P50 to S2 is thought to be the result of inhibitory processes activated by S1 that protect the 

processing of the first stimulus (S1) from the disruptive impact of the second stimulus 

(S2).56 In accordance with the theory that patients with schizophrenia have deficits in 

sensory gating mechanisms, patients typically fail to exhibit P50 suppression to S2 and 

therefore have larger P50 ratios.

A meta-analysis showed a large pooled standardized effect size of P50 ratio in patients with 

schizophrenia relative to healthy controls (1.56, 95% CI: 1.06-2.05), with no significant 

influence of duration of illness or antipsychotic medication.26,52 In a one-year test-retest 

study, no significant associations were found between change in P50 ratio (Time 1 – Time 

2) and change in positive or negative symptom severity (Time 1 – Time 2) which suggests 

that P50 ratio is largely independent of clinical state.26 P50 suppression deficits have also 

been found in individuals at clinical high risk for psychosis regardless of whether or not they 

developed fully psychotic symptoms within a two-year follow-up period.57 The P50 ratio 

has been criticized by some for lack of reliability due to its inherent mathematical properties, 

i.e., S1 and S2 are not independent, so the shared variance between them cannot be 

completely eliminated and noise in both the numerator and denominator will introduce even 

greater variability.26,58,59 This has led many investigators to use P50 difference scores (S2-

S1) either instead of or in conjunction with P50 ratio scores, typically without correcting for 

multiple comparisons. One study found high test-retest reliability of the P50 ratio, but did so 

by applying stringent trial inclusion criteria.60 Light and colleagues rated P50 ratio and P50 
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difference scores as two of the lowest ranking potential endophenotypes of schizophrenia 

based on a summary score considering state-independence, one-year stability, and 

magnitude of deficits in patients.26

P50 ratio has shown heritability estimates ranging from to h2 = 0.10 (not significant) 

(Greenwood et al., 2007) to h2 = 0.68.60 The former study found higher and statistically 

significant heritability estimate for P50 difference (S2-S1; h2 = 0.28). Multimodal evidence 

suggests involvement of noradrenergic, dopaminergic, and cholinergic neurotransmission in 

sensory gating.61-63 Two genes have been identified and studied as potential candidate genes 

for the P50 endophenotype: the α7 nicotinic acetylcholine receptor subunit gene (CHRNA7) 

and the Catechol-O-methyltransferase (COMT) gene.64,65 Pharmacologic blockade of the 

CHRNA7 receptor in animal models has been shown to induce a gating deficit that 

resembles deficits observed in patients with schizophrenia. It ishypothesized that one source 

of the gating deficit may stem from impaired acetylcholine-mediated hippocampal 

filtering.66 In accordance with this theory, EEG source localization studies suggest 

involvement of the hippocampus, as well as thalamus, superior temporal gyrus, and 

dorsolateral prefrontal cortex (DLPFC).67,68 Smoking-associated increases in nicotine 

levels, a well-known form of self-medication in patients with psychosis, may reactivate 

some hippocampal filtering, which bolsters the idea that CHRNA7 receptors may be critical 

for P50 suppression.67 While genome-wide linkage analysis showed that P50 suppression 

deficits in schizophrenia were linked to the site of the α7-nicotinic receptor (chromosome 

15q13-14), two recent studies did not find significant associations with SNPs in the 

CHRNA7 region and P50 suppression.48,69,70 The schizophrenia risk allele of another gene, 

transcription factor 4 (TCF4), has been shown to be significantly associated with worse P50 

suppression in healthy individuals, and these gene effects were modulated by smoking 

behavior such that heavy smokers showed effects of TCF4 on P50 suppression than light 

and never smokers.71

The COMT gene is located in a region known to be associated with psychosis (22q11.2) and 

its enzyme degrades extracellular catecholamine, especially dopamine in the prefrontal 

cortex.72 COMT may affect P50 suppression via cortical signal-to-noise modulation by 

prefrontal dopamine and/or by cortical norepinephrine.73 Two studies have found evidence 

for a selective deficit in P50 ratio for individuals with schizophrenia who are homozygotes 

for the COMT Val158 allele.74,75 However, in a pedigree study of 534 individuals in 

families with multiple members affected with schizophrenia, the Consortium on the 

Genetics of Schizophrenia (COGS) study failed to find an association between COMT and 

P50 difference.48 Notably, the COGS study did find associations between several genes 

associated with glutamatergic N- methyl-D-aspartate (NMDA) receptor signaling and P50 

difference score.48 Specifically, P50 difference score was significantly associated with 

variants in glutamate receptor, ionotropic, kainite 4 (GRIK4), glutamate receptor, ionotropic, 

delta 2 (GRID2) and most robustly associated with glutamate receptor, metabotropic 3 

(GRM3).48 Additional pre-clinical evidence supports the role of glutamatergic NMDA-

receptor signaling in sensory gating dysfunction. For example, rodents with reduced 

expression of the NR1 subunit of the NMDA receptor, which impairs NMDA-receptor 

signaling, had impaired auditory gating relative to wild-type rodents.76 However, another 
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rodent study that used the NMDA receptor antagonist phencyclidine (PCP) did not find 

impaired auditory gating. Additional rodent model and human studies are needed to 

elucidate the associations between glutamatergic signaling and P50 suppression.

In summary, while some evidence suggests COMT and CHRNA7 may be associated with 

P50 deficits in individuals with schizophrenia, non-significant findings linking these genes 

to abnormal P50 in schizophrenia from large-scale GWA studies (e.g. COGS and 

Psychiatric Genomics Consortium) challenge this notion.48,69 Larger sample sizes and 

uniformity of sensory gating measures (P50 ratio vs. P50 difference) are needed to 

understand the genetic contributions to this endophenotype. In general, conflicting findings 

regarding P50's state-independence, reliability, and heritability must be resolved in order for 

P50 to be considered a useful endophenotype of schizophrenia.

Antisaccade Task

The antisaccade (AS) task is typically measured using infrared oculography or electro-

oculogram (EOG).77 A trial begins with the participant fixating on a central point, followed 

after 1-2 seconds by an unpredictable stimulus either on the left or right. The participant is 

asked to look at the mirror image location on the opposite side of the screen. Results are 

typically discussed using proportion of incorrect saccades (reflexive error or prosaccades), 

or proportion of correct AS, over all trials. Producing a correct response in an AS task 

requires two abilities: one must suppress a reflexive saccade towards the stimulus, and then 

one must generate a voluntary saccade in the opposite direction. The inability to suppress the 

reflexive response is posited to be indicative of deficits in executive control and will result 

in a high number of incorrect saccades.78 A deficit in the generation of voluntary saccades 

will result in a low number of correct antisaccades. Accordingly, it is thought that AS 

inhibition relies on frontal cortical areas (primarily DLPFC) for inhibition and parietal 

regions for preparation of voluntary oculomotor movement.79 Evidence supporting this 

notion comes from patients with lesions of the DLPFC who are impaired at inhibiting 

incorrect saccades during the AS task, but have normal visually-guided prosaccades.80 

However, patients with lesions of the posterior parietal cortex show delayed prosaccades but 

normal performance on AS tasks.80 A more detailed overview of AS neurobiology and 

performance in various clinical populations can be found in a review by Everling & 

Fischer.81

A large body of research has shown that individuals with schizophrenia exhibit more errors 

on the AS task than do matched healthy controls, with large effect sizes.82 Patients with 

schizophrenia have also been found to exhibit longer latencies on correct AS responses 

relative to healthy controls, therefore it seems that both abilities required to perform the AS 

task are impaired in schizophrenia.81-83 While some studies have suggested that antisaccade 

deficits in schizophrenia are primarily due to PFC-related dysfunction, others point to slow 

saccadic responses that are the result of reduced white matter organization in anterior 

cingulate, parietal, and frontal eye field areas.84,85 The parietal cortex has also been 

suggested to mediate successful cue disengagement (i.e., disengaging from the fixation cue 

to initiate a saccade)86 and is involved in inhibitory activity.87 Thus, the neural mechanisms 

involved in AS are complex; for further overview of these mechanisms and their dysfunction 
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in schizophrenia, see the review by Munoz & Everling.78 Deficits in the AS task for 

individuals with schizophrenia have been shown to be reliable, temporally stable, and 

largely unaffected by medications or nicotine administration, which serves as evidence for a 

trait-like deficit.26,49 Practice effects for antisaccade performance have been found over 

periods of weeks to months.88,89 Age-related improvements in inhibiting incorrect saccades 

have also been found between children (age 6-11) and adults (age 18-26), which is in line 

with assumed development of prefrontal functions and should be considered when 

comparing younger first episode or prodromal patients to patients with chronic 

schizophrenia.90 Antisaccade errors in patients with schizophrenia are significantly 

correlated with spatial working memory performance and Wisconsin Card Sorting Task 

perseverative errors, further supporting the notion that AS deficits in schizophrenia are 

related to PFC dysfunction.91,92 Two meta-analyses found evidence for impairments in 

nonpsychotic first-degree relatives of schizophrenia patients relative to healthy controls 

(mean Cohen's d = 0.4393 and 0.6194) although there are studies that have failed to find this 

effect.95 Impairments in AS have also been found in clinically unaffected twins discordant 

for schizophrenia.96

While EOG is used to measure the latency, duration, velocity, size, and accuracy of 

saccades, cortical evoked-response potentials (ERPs) may also be measured in AS tasks. 

Saccadic eye movements are preceded by a negative-going component (similar to a 

readiness potential before finger movements, i.e., “contingent negative variation”) and a 

positive-going slow wave (similar to a premotor positivity prior to finger movements).81,97 

These components can be measured to better understand deficits in the antisaccade task for 

individuals with schizophrenia by parsing apart defective inhibition (resulting in a high 

number of incorrect prosaccades) versus defective correct response activation (resulting in a 

low number of correct antisaccades) and the cortical sources of such deficits. Decreased 

presaccadic positivity in the last 100 ms prior to saccade onset has been demonstrated for 

antisaccades compared to prosaccades, typically in centroparietal sites.98-100 This difference 

potential has been interpreted as indicative of frontal inhibitory mechanisms.99 Additionally, 

increased presaccadic negativity over central and frontal sites has been demonstrated in 

antisaccades compared to prosaccades and is often referred to as the contingent negative 

variation.86,100,101 This has been interpreted to reflect preparatory activity in the frontal eye 

fields to initiate saccades.100 Of note, eliciting the contingent negative variation seems to be 

dependent on task design: studies with block-designs in which subjects respond to stimuli in 

a fixed manner seems to produce the contingent negative variation, while designs using 

unpredictable cues do not.99,102 The contingent negative variation can be elicited through a 

variety of task designs and is not specific to the AS task; for a general review of this 

measure, see Brunia & Boxtel, as this review will only focus on the contingent negative 

variation as it relates to the AS task.103

Cortical source analysis of the presaccadic positive slow wave in healthy controls revealed a 

common set of sources in the ventral anterior cingulate and orbital frontal gyrus.101 Patients 

with schizophrenia have been shown to have smaller difference potentials (antisaccade 

minus prosaccade) over lateral prefrontal cortex areas relative to healthy controls, and this 

attenuation is associated with less accurate AS performance.102,104,105 Healthy first-degree 
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relatives of patients with schizophrenia have demonstrated similar deficits relative to healthy 

controls.102 Given the complexity of the AS task and the variety of interpretations that can 

be made about poor performance on it, these results of ERP studies allow for more targeted 

conclusions. Specifically, that lateral frontal cortical dysfunction during volitional saccade 

generation may be a marker of genetic vulnerability for schizophrenia, and that in patients 

this is associated with lower antisaccade accuracies.102 Patients with schizophrenia also 

show deficits in contingent negative variation, which is assumed to be a physiological 

correlate of selective attention and of anticipation in a mental/motor performance.106,107 

While healthy controls generally show a larger component during antisaccades relative to 

prosaccades, patients fail to show this augmentation and have smaller components in 

general.108-110 Deficits in contingent negative variation are not specific to schizophrenia 

(e.g., depression;111 ADHD112). More research is needed to understand the reliability of 

both EEG measures in relation to AS performance, their state-dependence, and impairments 

in biological relatives.

It is important to note that increased AS error rates are not specific to schizophrenia, as they 

have also been found in patients with other neuropsychiatric disorders, including autism 

spectrum disorders113, ADHD114 and bipolar disorder115, which may suggest cross-

diagnostic genetic contributions. Behavior genetic investigations have found heritability 

estimates for AS performance of h2 = 0.57116 in a sample of healthy adolescent twins and h2 

= 0.42117 in families of individuals with schizophrenia. A GWAS of the AS error rate also 

found that approximately 50% of the variance in responses was attributable to additive 

genetic effects.118 “Missing heritability”, which refers to estimated heritability that is 

unaccounted for by single nucleotide polymorphism (SNPs), seems to be less of a problem 

for AS error rate relative to other potential endophenotypes, as most of the biometric 

heritability in AS was accounted for by SNPs that were identified by GWAS.118 Although 

no SNP achieved genome-wide significance in this study, a gene that codes for 

glutamatergic system proteins (GRM8) was significantly implicated in the AS response 

when evaluating a set of 204 genes from the NeuroSNP database (https://zork5.wustl.edu/

nida/neurosnp.html).118 Specifically, genes those involved in major neurotransmitter 

systems (e.g., dopamine, noradrenaline, GABA, glutamate) and those related to substance 

use (e.g., alcohol-relate genes, opioid genes).118 The COGS study investigated an array of 

SNPs in 94 functionally relevant candidate genes for schizophrenia and found that AS 

deficits were related to 9 candidate genes for schizophrenia, the most robust being GRIK4 

with additional significant results for RELN and HTR2A.48 GRIK4 and RELN are genes 

involved in glutamatergic signaling, while HTR2A is involved in serotonin-receptor 

signaling.48 Combining all significant SNPs for AS suggests a possible role of glutamate, 

serotonin receptor, dopamine receptor, and neuregulin-mediated signaling in AS response.48 

Other genes have been found to be associated with AS performance, including the gene 

encoding the regulator of G-protein signaling subtype 4 (RGS4)119 and COMT.120 However, 

the pedigree-based COGS study did not find these effects.48

In summary, behavioral and electrophysiological deficits in the AS task for patients with 

schizophrenia have been well established. More research is needed to understand the 

reliability and state-dependence of these measures. There are multiple variants of the AS 
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paradigm, which can affect performance82; therefore, researchers must be precise and 

comprehensive in their methodological descriptions in order to reduce variability when 

combining or comparing data. To our knowledge, no genetic investigations have been done 

for positive slow wave or contingent negative variation in the AS task. Future genetic 

studies using these EEG measures may help parse the complex neurobiological 

underpinnings of the AS task into its component mechanisms. This increased specificity 

may lead to stronger and more consistent genetic results.

Mismatch Negativity (MMN)

Mismatch negativity (MMN) is an auditory ERP component that is thought to be an 

objective index of auditory sensory memory functioning and is involved in the assessment of 

stimulus familiarity/unfamiliarity. Auditory sensory memory refers to the ability of the brain 

to retain representations of the physical features (e.g., pitch, intensity) of simple auditory 

stimuli for up to 30 seconds.121 MMN is elicited when a sequence of repetitive standard 

sounds is interrupted infrequently (10% of total trials) by deviant “oddball” stimuli, which 

differ in duration or pitch from the standard sounds. The MMN is present as early as 50 ms 

after stimulus onset and peaks after an additional 100 to 150 ms. MMN is measured by 

subtracting the auditory evoked potential to the standard tone from that of the deviant tone, 

which produces a difference waveform with a prominent negative potential. The response is 

maximally present at frontocentral scalp recording sites and is thought to be generated 

within the primary and secondary auditory cortices with contributions from bilateral, 

dorsolateral prefrontal cortices.122

A meta-analysis has shown a large effect size (d = ∼1.0) for group differences in MMN in 

patients with schizophrenia relative to healthy controls, with patients showing smaller MMN 

than healthy controls regardless of age, gender, or paradigm type.123,124 MMN appears to 

reflect an automatic, memory-based comparison process between sounds and has been 

shown to have good reliability.60,125-127 Eliciting MMN does not require any response from 

the participant, making it an excellent tool for studying individuals with varying levels of 

functioning: as a pre-attentional cognitive measure, researchers can use MMN to 

characterize the integrity of sensory network function independent of attentional or 

motivational artifacts.49 Interestingly, MMN deficits are highly associated with impairments 

in real-world functioning and psychosocial functioning.127-129 See review by Todd and 

colleagues for a more detailed review of the neurobiology of MMN.130

MMN deficits in patients with schizophrenia appear to remain stable over time despite 

antipsychotic use or episodic state.49 MMN was the highest ranking “longitudinal 

endophenotype”, calculated by summing the effect sizes of state-independence (no 

significant relationship with positive or negative symptoms), long-term stability (ICC > .80) 

and magnitude of deficits (d = 0.8) in patients in a 1 year test-retest study.26 While these 

studies show that MMN demonstrates stability in a 1-year time frame, cross-sectional 

studies in patients suggest it may show increasing deficits over longer periods of time (see 

below). Recently, deficits in MMN have been demonstrated in individuals at clinical or 

genetic high risk for psychosis124,131 and have been shown to predict psychosis onset in 

clinically high risk individuals.124,132-136
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Heritability of MMN has been estimated to be .63 and .68 for peak amplitude and mean 

amplitude, respectively.60 Healthy family members of individuals with schizophrenia, 

individuals at risk for developing schizophrenia, and recent-onset patients have all been 

reported to have reduced MMN amplitudes.131,137-140 One study found normal MMNs in 

unaffected family members of schizophrenia patients, and two studies have found normal 

MMN in first-episode patients.52,141,142 The first study may have restricted the variance of 

MMN amplitudes by using a common average EEG reference, thus reducing power to find 

effects.52 The latter studies both found reduced MMN in patients who had been diagnosed 

with a psychotic disorder for at least 18 months, but failed to find an effect in first-episode 

patients who had very recently undergone their first hospitalization, suggesting that MMN 

may become more impaired with illness progression.142 Other evidence exists to suggest 

that MMN deficits may increase with illness progression: a 1.5 year prospective study of 

first-hospitalized individuals with schizophrenia found a strong relationship between MMN 

amplitude reductions and left hemisphere Heschl gyrus gray matter volume reductions.143 

The patients in this study did not differ from healthy controls or psychotic bipolar disorder 

individuals at study onset (time of first hospitalization), but did at follow-up.143 Jahshan and 

colleagues additionally found progressively smaller MMN amplitudes across at-risk, recent-

onset, and chronic patients.131

Collectively, the studies reviewed above suggest that conclusions regarding changes in 

MMN over time are mixed: the studies that show normal MMN in first episode patients with 

schizophrenia suggest that MMN indexes a progressive process and is not a marker of 

vulnerability for the disorder,141-143 while other studies have found reduced MMN in at risk 

populations.131-136 A recent meta-analysis also concludes that, while individuals with 

chronic schizophrenia have decreased MMN amplitudes relative to first episode individuals, 

a meta-regression analysis showed no relationship between duration of illness and MMN 

effect size.124 Additionally, clinical high-risk individuals who later converted to psychosis 

had MMN amplitudes indistinguishable from individuals with chronic schizophrenia, but 

healthy first-degree relatives and high-risk participants who did not convert to psychosis 

both had nonsignificant reductions in MMN amplitude.124 These findings suggest that: 1) 

MMN impairment across the illness is a nonlinear process, and 2) reductions in MMN in a 

high-risk state may be a marker for likely conversion to psychosis rather than a marker of 

genetic vulnerability.124 Strong studies capable of finding a subtle link between genetic risk 

for psychosis and MMN have not been done; therefore the latter conclusion is speculative. 

With regard to the nonlinearity hypothesis, the larger deficits in individuals at clinical high 

risk and those with chronic schizophrenia relative to those with first episode schizophrenia 

may also suggest that there exists non-shared variance associated with underlying risk and 

current clinical state. That is, processes related to being in a clinical high-risk state and 

processes related to chronic psychosis are independently related to MMN amplitude. Again, 

large-scale studies capable of parsing these components have not yet been performed.

Attenuated MMN amplitude and prolonged peak latency has been found in a large number 

of neuropsychiatric, neurological, and neurodevelopmental disorders, as well as in normal 

aging, suggesting that MMN deficiency may index cognitive decline in general.144 

However, other studies have failed to find MMN deficits in individuals with bipolar 

disorder,143,145,146 major depression,146 and obsessive-compulsive disorder.147 Prospective 
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studies are needed to delineate the specificity of MMN deficits in schizophrenia and whether 

individuals with schizophrenia have a greater rate of decline relative to other 

neuropsychiatric populations.

Studies have demonstrated that disruption of NMDA signaling may play a crucial role in 

MMN generation and contribute to MMN deficits in patients with schizophrenia.121,148 

Research on nonhuman primates has shown that both competitive and noncompetitive 

NMDA antagonists reduce MMN amplitude without affecting prior ERPs in the primary 

auditory cortex.121,149 The same NMDA antagonists have been shown to elicit some 

symptoms of schizophrenia when administered to healthy subjects, suggesting that the 

glutamatergic NMDA receptor system plays a crucial role both in neurocognitive deficits 

and psychotic symptoms of schizophrenia.56,148 Dopaminergic systems may also play a role 

in MMN production: two studies have found diminished MMN in adolescents with 22q11.2 

deletion syndrome, which includes the COMT gene (discussed above).150,151 Contrary to 

P50 results, one study found reduced MMN in individuals with the Met allele, suggesting 

differential effects of dopamine on these two ERPs.150 To our knowledge, no GWA studies 

have investigated genetic variants associated with MMN deficits, so it is unclear whether 

COMT or other genes are associated with MMN deficits.

In summary, MMN represents a promising endophenotype for further study in 

schizophrenia. Its potential ability to predict onset to psychosis is particularly intriguing and 

should be investigated further. GWA studies on MMN are needed to further elucidate the 

genetic and neurobiological contributions to this measure and whether meaningful genetic 

overlap exists between neuropsychiatric disorders characterized by MMN deficits.

P300

The P300 event-related potential, referred to in some literature as P3, is an index of a variety 

of cognitive processes, including onset of an unexpected stimulus,152 context 

updating,153,154 working memory updating and consolidation,155 and the attribution of 

salience to a deviant stimulus.156 The P300 can be identified as a large, positive component 

with peak latency around 300 ms after stimulus onset when evoked by an auditory stimulus 

(about 100-200 ms later when evoked by a visual stimulus). The auditory P300 is typically 

studied using the oddball task in which an infrequent tone is randomly interspersed within 

an ongoing train of a repeating tone, presented at a rate of about once per second. The P300 

is distinct from the MMN in that it requires attention; an MMN will still be elicited even 

when attention is directed toward a different sensory modality, while a P300 will not.157 

Additionally, the stimulus train optimal for eliciting an MMN involves presentations at a 

rate faster than once per second. Lastly, violations of expectation that occur during the 

infrequent stimulus can occur on much more abstract properties of the stimulus, consistent 

with the notion that it represents a more complex level of stimulus evaluation and 

categorization. MMN appears when a violation is tied to very basic, physical stimulus 

properties (e.g., duration, pitch, intensity).157

The P300 has been widely investigated in both healthy and clinical populations. Smaller 

amplitudes of P300 have been found in studies of chronic,158 recent onset,159 and 
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unmedicated schizophrenia patients,160 and has been replicated by numerous independent 

investigators.26 Considerable evidence also exists that a significant level of P300 amplitude 

reduction is a trait abnormality and exists independent of duration of illness, or symptom 

severity.161 A meta-analysis found an effect size of d = 0.89 for auditory P300 amplitude 

reduction and d = 0.59 for delayed peak latency in patients with schizophrenia compared to 

healthy controls.162

The P300 has a broad, centrally-maximal scalp distribution, and reflects a composite of 

anatomically and functionally distinct neural generators.156,163,164 Accordingly, it is often 

separated into two discrete subcomponents. The P3a subcomponent is elicited by novel or 

unexpected stimuli, occurs slightly earlier, has frontocentral scalp topography, and is 

thought to reflect attentional orienting processes.165,166 Source localization studies suggest 

that the P3a stems from activity in the lateral prefrontal and superior temporal areas.164 The 

P3b subcomponent is elicited by task relevant stimuli – it is sometimes referred to as the 

“target P300” – especially when the task relevant stimulus occurs relatively rarely among a 

series of irrelevant stimuli. It occurs later, has parietal scalp topography, and is thought to 

reflect cognitive processes associated with stimulus evaluation and response formation.165 

Source localization studies suggest that P3b scalp activity arises from the inferior parietal 

cortex, particularly the supramarginal gyrus, in addition to sensory modality-specific 

regions.164 There has been some suggestion that P3a is more strongly associated with 

dopaminergic neurotransmitter actions, while P3b may be more strongly associated with 

noradrenergic pathways.165 Both P3a and P3b components are diminished in patients with 

schizophrenia and also fluctuate with clinical symptoms and state.167 Diminished P3a and 

P3b amplitude have also been found in individuals determined prospectively to be at high 

risk (or determined retrospectively to be in a prodromal state) of developing 

schizophrenia.131,168 Diminished P3b amplitude is additionally present in unaffected 

biological relatives.169 There is some evidence that diminished P3a amplitude is apparent 

across psychotic disorders in general, while reduced P3b amplitude specific to 

schizophrenia.170-172 P3b amplitude reduction was also correlated with a wide range of 

clinical measures, including severity of symptoms, overall functioning, and clinical traits 

that had been assessed 15 years earlier.170 Therefore, it was suggested that P3b reduction is 

a more stable trait-like endophenotype of vulnerability to disease and predictor of outcome 

rather than a reflection of disease state.170 Alternatively, the P3b has failed to differentiate 

schizophrenia and bipolar psychosis in other studies.173,174

Disrupted P300, P3a and P3b are not specific to schizophrenia, and in fact have been found 

in a variety of disorders, including Alzheimer's disease,175 substance use,176,177 disinhibited 

pathology,178 and bipolar and unipolar depression,179 although there may be some 

variations that are unique to each disorder.180 As discussed in the introduction, one can 

consider whether the usefulness of an endophenotype varies by its specificity to a particular 

disorder.

Considerable evidence exists for a genetic contribution to P300 amplitude; a heritability 

estimate of 0.60 to 0.69 has been established among healthy individuals.60,172,181 There is 

also evidence for a genetically-mediated P300 deficit in first degree relatives of patients with 

schizophrenia.182 More evidence comes from a meta-analysis showed that P300 amplitude 
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was reduced and its latency was delayed in non-psychotic relatives of patients with 

schizophrenia.183 Of the studies that have deconstructed the heritability of P3a and P3b 

subcomponents, two have found stronger familial deficits of the P3a, which would suggest 

stronger heritability for abnormalities of attentional orienting.184,185

A GWAS study of P300 conducted on a large community sample (N=4026) showed that 

65% of the variance in P300 amplitude was due to additive genes, which is consistent with a 

previous meta-analysis.186 Estimates of SNP heritability, or phenotypic variance due to the 

measured genetic variants on the genotyping array, yielded a heritability estimate of .29 for 

P300 amplitude, which represents about 40% to 50% of the heritable variance of this 

trait.186 This suggests that about half of the additive genetic influence is likely due to 

common genetic variants as opposed to rare variants or shared environmental influences.116 

Despite this fact, analyses of individual SNPs did not yield any significant associations. In 

the same study, a genome-wide analysis of 17,601 autosomal genes did find a novel 

association with myelin expression factor 2 MYEF2, which codes for a major component of 

the myelin sheath surrounding cells in the central nervous system- an effect that has not been 

found in prior GWAS studies of P300.186 This study demonstrates that even when working 

with substantial heritability and a relatively large sample, samples may still be 

underpowered to detect genome-wide significant effects. This issue is discussed further in 

the section, “Promise of Electrophysiologic Traits as Genetically Tractable 

Endophenotypes”.

Smaller studies of schizophrenia patients and healthy controls have found significant genetic 

associations with P300, but have yielded different results. For example, a study that selected 

21 genetic markers that had prior evidence of association with schizophrenia found that the 

risk allele of SNP rs1344706 in ZNF804A was significantly associated with P300 

amplitude.187 Another study also found that having this risk allele yields higher P300 

amplitude for both schizophrenia patient and healthy control carriers compared to 

noncarriers.188 However, this study did not investigate other SNPs.188 ZNF804A, a gene 

implicated in transcriptional regulatory function, has been implicated in risk of 

schizophrenia by a GWAS and subsequently replicated by several targeted association 

studies.187 Another study investigated 19 risk SNPs associated with schizophrenia and did 

not find an effect for ZNF804A, but found that the TCF4 SNP rs17512836 allele was 

associated with significant reduction in P300 amplitude and delayed P300 latency.189 One 

large pedigree study of a family with a (1;11)(q42;q14.3) translocation, which is associated 

with major psychiatric disorders including schizophrenia, found that translocation in the 

DISC1 gene was associated with reduced P300 amplitudes, regardless of psychiatric 

symptomatology190, an effect which was not observed in the former two studies.

Difficulties associating P300 amplitude with a specific genetic variant may be due to a 

variety of state-dependent contributions, which could be addressed by conducting 

measurements over multiple occasions.191 Differing inclusion criteria for SNPs may also be 

a problem; for example, the aforementioned studies by Del Re and colleagues187 and Hall 

and colleagues189, both initially selected a limited number of SNPs to investigate based on 

findings by published GWAS that the selected SNPs confer risk for schizophrenia. Both 

then go on to include different additional SNPs based on prior findings that these SNPs are 

Owens et al. Page 13

Harv Rev Psychiatry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated with other traits related to schizophrenia, such as nicotine dependence or 

functional neuroimaging measures. SNPs of interest were also then removed if there were 

too few minor allele carriers in the sample.187 While narrowing the SNPs of interest to those 

that are likely to be associated with schizophrenia may improve power by reducing the 

number of comparisons,192 varying criteria for inclusion of SNPs will undoubtedly cause 

problems in replication.

In summary, the P300 is altered in schizophrenia, both in terms of reduced amplitude and 

delayed peak latency.162 Diminished P300 amplitude has been found in several 

neuropsychiatric disorders, which may reflect shared physiological mechanisms. When 

individually studying the P300's subcomponents, P3a and P3b, there is evidence to suggest 

that P3b amplitude reductions may be more specifically related to schizophrenia diagnosis 

rather than broadly defined psychosis, and may be more stable and therefore better able to 

predict outcome than P3a.170 If P3b is more specifically related to schizophrenia, this may 

be an excellent case for breaking down endophenotypes into more specific sub-measures in 

order to create potentially more genetically tractable traits (discussed below). Lastly, while 

there is ample evidence that P300 amplitude is heritable, lack of replication remains a 

problem for discovering specific genetic contributions to this endophenotype.60,172,181,193

Gamma

A potential electrophysiological endophenotype gaining increasing attention is abnormal 

activity in the gamma range (30-80 Hz) of scalp EEG.194,195 In the case of EEG activity, as 

opposed to the time-locked, voltage-averaged ERP measures discussed above, neural time 

series data are decomposed into constituent oscillating activity across standard frequency 

bands, producing estimates of signal amplitude (or, when squared, power) and phase.

At the present time, there is little about gamma band activity – from its underlying neural 

generators, to its functional significance in typical cognition and in schizophrenia – that is 

not controversial.196 For instance, although there is an emerging consensus that gamma 

power changes reflect the dynamic balance of excitatory and inhibitory influences on small-

scale, localized populations of pyramidal neurons in the cortex,197-200 disagreement exists 

regarding the influence of thalamo-cortical circuits on local gamma power,201 as well as 

regarding the capacity of gamma power or phase to play a significant role in the functional 

synchronization across populations of pyramidal neurons-201-203 the reason for much of the 

interest in gamma activity in the first place.204,205

Regardless of the theoretical motivation, a number of studies have shown that gamma band 

activity is abnormal in people with schizophrenia.206 Kwon and colleagues207 were first, 

reporting that people with schizophrenia are slower to entrain oscillatory brain activity to 

auditory “steady state” stimulation at 40 Hz and also show lower power in response to the 

stimulation overall. Since then, these findings have been replicated independently,208 

including among older patients with a chronic course of schizophrenia,209 first-episode 

schizophrenia patients,210 and unmedicated patients.211,212 However, evidence that gamma 

band abnormalities are present prior to the onset of psychosis, is far from robust,213 and if 

present, may be restricted to the later portion of the auditory steady-state response.214 As 
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such, this pattern of findings may cast doubt on its role as a trait-like vulnerability marker. 

On the other hand, as discussed below, unaffected relatives of patients with schizophrenia 

also show gamma effects, which is consistent with an inherited, trait-like deficit.

In addition to passive auditory stimulation, gamma activity has also been examined while 

patients are at rest and while they perform challenging cognitive tasks. Overall, studies show 

evidence that resting215,216 and pre-stimulus baseline gamma activity is elevated,217,218 

while task-driven gamma-band responses are reduced in schizophrenia,205,219,220 suggesting 

deficits in signal-to-noise ratio between neural network states.28

Also worth considering is the likelihood that the ERP measures discussed earlier and EEG 

measures like gamma band power and phase are not independent of each other.221 In fact, 

gamma abnormalities may be an important contributor to these potential endophenotypes. 

For example, decreased magnitude and delayed latency of gamma synchrony (occurs -150 to 

150ms post-stimulus) was demonstrated in patients with schizophrenia relative to healthy 

controls in a traditional auditory oddball paradigm, which also elicits the P300.210 Another 

study showed smaller P50 amplitude and weaker gamma response attenuation in patients 

with schizophrenia with perceptual disturbances relative to patients without perceptual 

disturbances and healthy controls.222 With respect to the familial distribution of gamma 

band abnormalities, studies have detected more subtle abnormalities in unaffected first- 

degree relatives.223 Additionally, both evoked gamma power and phase-locking of the early 

auditory gamma-band response were shown to be heritable in a study of twins concordant 

and discordant for schizophrenia (h2 = 0.65, h2 = 0.63, respectively).224,225

Future studies are needed to compare various measures within the same subjects to better 

understand the associations between gamma oscillations during resting-state, sensory-driven 

and cognitively-driven tasks. Along these same lines, innovative methods are needed to 

establish with certainty that the gamma band findings derived from animal models actually 

reflect the “same” gamma as is measured in non-invasive human studies. Factors like 

developmental stage must also be taken into account, as sensory-evoked gamma activity has 

been shown to have a distinct non-linear developmental trajectory over the course of 

adolescence and young adulthood,226 a key epoch in schizophrenia pathophysiology. 

Furthermore, whether gamma alterations are specific to schizophrenia,205 are general across 

psychosis, or are present across a range of diverse pathologies,227 must be established. 

Although seemingly contradictory results have been published, (e.g., 173,228 ), the most 

recent study -consisting of a large sample of schizophrenia and bipolar patients and their 

relatives - showed that gamma abnormalities are a feature of psychosis, regardless of 

diagnosis, and are heritable.171

LTP-Analog Paradigm

In the long list of neurobiological mechanisms that contribute to endophenotypes in 

schizophrenia, NMDA-receptor hypofunction and disrupted glutamatergic signaling are 

increasingly highlighted as key targets.229-233 A relatively new EEG paradigm may extend 

our understanding of NMDAR-mediated signaling and, more specifically, its importance in 

learning and memory. Long-term potentiation (LTP) refers to the process whereby the 
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efficacy of communication between neurons can be rapidly increased, and is the principal 

candidate mechanism underlying learning and memory formation.234 NMDARs play a 

central role in LTP (and in plasticity more generally) at glutamatergic synapses.235 LTP can 

be induced in a number of ways, but most conveniently by delivering a tetanus (stimulus 

presentedat a high rate of frequency, typically 100 Hz or more). Changes in presynaptic and 

postsynaptic responses can then be measured in a variety of ways, but historically has been 

accomplished using electrodes surgically implanted in the hippocampus. Decades of animal 

research have helped us understand some of the complex interactions that modulate LTP at 

NMDAR sites: for example, metabotropic glutamate receptor agonists can reverse the 

effects of NMDAR antagonists,236 D1 agonists and D2 antagonists increase NMDAR-

dependent LTP,237 and cholinergic mechanisms modulate NMDA-dependent LTP and LTD 

in the visual cortex.238 Until recently, inquiry of the functional significance of LTP has been 

hindered by the absence of a human model. There is now evidence that the rapid repetitive 

presentation of a photic tetanus leads to persistent enhancement of an early visual evoked 

potential in humans, the N1b.239 This paradigm has recently been used to show impaired 

cortical plasticity in patients with schizophrenia relative to healthy controls.240 The 

paradigm consists of two types of stimulus presentation: at baseline, participants view a 

checkerboard flashing at a rate slightly below 1 Hz, then during the photic tetanus period 

(“high frequency stimulation”), the checkerboard flashes at a rate of almost 9 Hz.240 The 

slower rate is then presented again in several post-high frequency stimulation blocks.240 

Initial studies show enhanced negativity for the C1 and N1b components that appears in 

blocks after the presentation of the high frequency stimulation.239,241 Enhanced negativity 

has been shown to be significant for healthy controls but not individuals with schizophrenia, 

and in individuals with schizophrenia is the enhanced negativity is associated with improved 

reaction time to oddball targets.240 Given the aforementioned relationships between brain 

plasticity, glutamate, NMDA-receptor functioning and schizophrenia, future studies using 

this paradigm may have broad implications for predicting the onset of schizophrenia and 

understanding and possibly improving positive symptoms and cognitive deficits in 

schizophrenia.

Promise of Electrophysiologic Traits as Genetically Tractable 

Endophenotypes

A recent series of studies published by Iacono and colleagues from the Minnesota Center for 

Twin and Family Research (MCTFR) attempted to uncover the genetics involved in 17 

psychophysiological endophenotypes using a wide range of genetic approaches: biometric 

heritability analyses, molecular- genetic heritability analyses, GWAS, candidate gene 

studies, rare variant analyses of nonsynonymous SNPs in the exome, and analyses using 

variants identified through whole-genome sequencing.242 The endophenotypes studied by 

the MCTFR group are broadly implicated in psychopathology (i.e., substance use disorders, 

mood disorders, and schizophrenia).242 While these studies represent unprecedented work in 

terms of effort, sample size and cutting-edge statistical methods, they did not reveal specific 

genetic effects on endophenotypes: a 153-cell summary table of the statistically significant 

effects of SNP- and gene-based tests for all 17 endophenotypes investigated was mostly 

(89%) empty.243 If endophenotypes are indeed genetically less complex than psychiatric 
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disorders, why are we still having so much difficulty finding genes that are implicated in 

psychopathology? One possibility is that electrophysiology is not optimal for measuring 

endophenotypes. However, as discussed in Munafó & Flint's response to the MCTFR 

studies, the effect sizes found are consistent with findings from GWAS of other potential 

endophenotypes, including brain structural variation and cognitive performance.244 Thus, 

power to detect genome-wide significant effects may have been limited due to sample size: 

as pointed out in another response, the sample size of the MCTFR studies is actually small 

compared to other disorder-based studies (∼4,200 vs. ∼149,000).9,245 Additionally, because 

the studies relied on a community sample, the data may be too centrally distributed and 

lacking in extreme values at the tails to garner much power.246 Iacono and colleagues 

replied they had ample power to detect small effects (d = .014) and that, statistically 

speaking, at least 20% of their sample were affected by disorders like depression and 

substance abuse, but admittedly more “extreme” pathology like schizophrenia or autism 

were not represented.243

It is also possible that the assumption that endophenotypes are genetically less complex than 

other traits is wrong.247 While other disorders have had success linking electrophysiological 

endophenotypes to susceptibility genes (see COGA study248-250), the field of schizophrenia 

research has not enjoyed consistent success. As discussed in Flint and colleagues' review, 

the premise that endophenotypes are genetically less complex than other traits assumes that 

the endophenotype is part of the causal pathway from genetic variant to disease and inflicts 

the naïve notion that “biology causes psychology”.247,251 Focusing only on the effect size of 

endophenotypes may lead to: 1) ignoring potentially important information from an 

endophenotype because it is genetically “too complex”, or 2) increasing statistical efficiency 

at the cost of meaningfully translated outcomes.247 If we assume that endophenotypes are no 

more genetically tractable than other complex traits, then the results from the MCTFR 

studies are in fact expected, and instead can be used to ask new questions. One important 

consequence of studies such as MCTFR is the realization of the need for larger datasets and 

data sharing, such as the development of RDoC's “information commons” based on the 

National Database for Autism Research (ndar.nih.gov). In order to achieve the desired 

sample sizes, it is essential that researchers share experimental protocols and paradigms. If 

we accept that we are working with small effect sizes, we must focus on gaining power 

wherever we can, and this should begin with reducing measurement error. Shared data 

inherently has larger measurement error than data collected within a single lab due to 

logistical differences that are difficult to reconcile (e.g., EEG system type, number of 

channels collected, monitor type and size, room size and lighting). While there are 

recommendations for many EEG measurements, uniform protocols and paradigms would 

drastically improve variation in measurement and, therefore, improve power when 

combining datasets. Another method involves developing a single, multivariate 

psychophysiological endophenotype that combines several indices into one summary score. 

The rationale for doing so is that the combination of features may provide extra group 

differentiation, making the positive predictive power substantially higher.252 This has been 

done using MMN, P50 suppression, P300 auditory oddball, and antisaccadic error rate; the 

resulting multivariate endophenotype was shown to be more closely related to diagnosis 

than to any individual feature.253 Similarly, the Consortium on the Genetics of 
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Schizophrenia (COGS) study combined results from three neurophysiological measures 

(P50 gating, PPI and AS) along with 12 neurocognitive tasks using factor analysis to yield 5 

distinct factors.254 These 5 factors were then evaluated for heritability and differences across 

probands, siblings and healthy controls. A similar concept was proposed for structural 

neuranatomic traits and termed “extended endophenotype”, created by combining brain 

morphometric measures in individuals with schizophrenia.255 Techniques such as these can 

help identify the utility of individual measures while improving statistical power by both 

increasing the reliability of individual measures (removing measurement error) and limiting 

the number of statistical comparisons. An alternative approach is to break down 

endophenotypes into even more distinct measurements, thereby providing “endophenotypes 

for endophenotypes”.50 For example, one can break the P300 down into its separate 

components, which may prove to be genetically more tractable.191 Both methods are viable 

approaches for increasing the signal to noise ratio in these endophenotypes.

Another take-away from the lack of significant genetic findings could be the need to expand 

genetic studies beyond individuals of European ancestry, which may improve the likelihood 

of finding rare variants of at least moderate effect size.242,243 Future studies should also 

augment GWA studies with studies that link structural genomics with functional genomics 

(e.g, gene expression or eQTL studies) and epigenetic effects, e.g. DNA methylation. While 

currently such studies are inherently more difficult, such effects are likely to be an extremely 

important source of variance in human health and behavior. For example, the 

psychoneuroimmunology field has recently focused on a pattern of up-regulated 

proinflammatory immune response gene activity and down-regulated antiviral immune 

response gene activity called a “conserved transcriptional response to adversity” (CTRA), 

which can be activated by social adversity.256 Defining and characterizing these shifts in 

gene expression has helped explain chemical, cellular, and behavioral changes, some of 

which last for years.256 Identifying such changes in the brain and their effects on 

neurophysiology and clinical phenomena could be a crucial next step in our understanding 

of schizophrenia.

Conclusion

Research on the etiology, course, and treatment of schizophrenia is complicated by the 

diversity of clinical presentation and risk factors. Objectively measureable endophenotypes 

are therefore needed in order to causally link genetic liability to clinical symptoms and 

clinical disorder.50 Electrophysiological endophenotypes may be particularly useful, as most 

of them have been studied extensively in both human and animal models and are relatively 

inexpensive and therefore able to be used in large studies. We reviewed some of the most 

researched and most promising electrophysiological endophenotypes for schizophrenia: P50, 

antisaccade, MMN, P300, and gamma power and phase measures. With the exception of 

gamma measures, which are relatively recently-studied phenomena in schizophrenia, these 

measures show evidence that they are disrupted both in patients with schizophrenia and their 

clinically unaffected first degree relatives, heritable, and have genetic associations (see 

Table 1). Other than P300, which appears to be driven by dopaminergic and noradrenergic 

signaling pathways,165 each of these putative endophenotypes has demonstrated evidence 

for a role in glutamate signaling and/or NMDA-receptor dependent signaling. Several lines 
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of evidence converge to suggest a prominent role of glutamatergic and NMDA-receptor 

dependent signaling in schizophrenia, including: cellular processes, which show changes in 

dendrite growth with LTP;235 pharmacologic induction of psychotic symptoms,257 reduced 

MMN258 and impaired sensory gating76 with NMDA antagonists; and GWA studies that 

have found candidate genes for schizophrenia involved in glutamatergic and NMDAR- 

dependent signaling.9,48,118,259 Continued investigations into the mechanisms that link these 

genetic and biological alterations to deficits in endophenotypes may be a promising next 

step for schizophrenia research.260 While the present review did not specifically address the 

clinical utility of these endophenotypes, this is also an important avenue for future research. 

The ability to use endophenotypes in a clinical context may improve efforts to take into 

account individual variability in the prevention and treatment of disorders, in line with the 

National Institute of Health's initiative, “precision medicine” (http://www.nih.gov/

precisionmedicine/). However efforts to use endophenotypes as diagnostic tools may be 

muddled by evidence that endophenotypes lack specificity to particular neuropsychiatric 

disorders (see Introduction). For schizophrenia in particular, variability in treatment makes it 

considerably more difficult to understand changes in endophenotypes over time. Usefulness 

of endophenotypes in a clinical context may be improved by more research on the 

longitudinal course of these endophenotypes prior to disease onset, i.e., in genetically high 

risk or prodromal populations. Lastly, while these endophenotypes may not be genetically 

less complex than psychiatric disorders, a substantial amount of variance in each has been 

shown to be due to genetic factors, making them important trans-diagnostic tools.243 By 

improving our measurement of endophenotypes and advancing our genetic association 

studies with the techniques described above, we can look forward to continued improvement 

in our understanding of the genetic, biological and psychological mechanisms in 

schizophrenia.
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