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Abstract

In recent years, large scale meta-analysis of genome-wide association studies (GWAS) have 

reliably identified genetic polymorphisms associated with neuropsychiatric disorders such as 

schizophrenia (SCZ), bipolar disorder (BPD) and major depressive disorder (MDD). However, the 

majority of disease-associated single nucleotide polymorphisms (SNPs) appear within functionally 

ambiguous non-coding genomic regions. Recently, increased emphasis has been placed on 

identifying the functional relevance of disease-associated variants via correlating risk 
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polymorphisms with gene expression levels in etiologically relevant tissues. For neuropsychiatric 

disorders, the etiologically relevant tissue is brain, which requires robust postmortem sample sizes 

from varying genetic backgrounds. While small sample sizes are of decreasing concern, 

postmortem brain databases are composed almost exclusively of Caucasian samples, which 

significantly limits study design and result interpretation. In this review, we highlight the 

importance of gene expression and expression quantitative loci (eQTL) studies in clinically 

relevant postmortem tissue while addressing the current limitations of existing postmortem brain 

databases. Finally, we introduce future collaborations to develop postmortem brain databases for 

neuropsychiatric disorders from Chinese and Asian subpopulations.
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1. INTRODUCTION

In the past decade, a massive and concerted effort from multiple research groups has led to 

the generation of large ‘mega’ genome-wide association scans (GWAS) analyzing millions 

of genotyped and imputed single nucleotide polymorphisms (SNP) generated from 

thousands of subjects (MacArthur et al., 2017). This has resulted in the robust identification 

of replicable genetic variants associated with severe neuropsychiatric phenotypes such as 

schizophrenia (SZ), bipolar disorder (BP), and major depressive disorders (MDD) (Converge 

Consortium, 2015; Mühleisen et al., 2014; Ripke et al., 2013), with an increasing emphasis 

towards identifying risk associated genetic loci across different ethnic populations 

(Marigorta & Navarro, 2013). However, a major challenge of the postgenomic era is 

understanding how these genetic variants impact molecular function and disease 

etiopathology (Paul et al., 2013). Except for few common disorders, such as colon cancer or 

diabetes (Freedman et al., 2011; Morris et al., 2012), very little is known about the 

biological mechanism(s) by which genetic variants associated with neuropsychiatric disorder 

contribute to complex behavioral psychopathologies. One reason for increased success in 

identifying molecular pathways contributing to biomedical outcomes such as cancer or 

diabetes has been due to our ability to study these processes in etiologically relevant tissues.

The etiologically relevant tissue for studying molecular processes involved in 

neuropsychiatric disorders is, of course, the human brain. However, the collection of 

postmortem brain tissue is difficult due to extensive logistic requirements and substantial 

ethical and cultural hurdles. Regardless, efforts to collect postmortem brains from subjects 

with neuropsychiatric disorders and controls have been undergoing for more than three 

decades (Anderson et al., 2001; A. Schmitt et al., 2007). Research centers including (but not 

limited to) the Lieber Institute for Brain Development, the CommondMind Consortium, and 

Stanley Medical Research Institute have amassed a large number of brains with data on a 

wide variety of neuropsychiatric phenotypes. However, the majority of collected brains are 

mostly of European (EUR) descent. While, a growing number of studies, with steadily 

increasing sample sizes have been performed on brains from populations other than 

Caucasians i.e. African-American (AA) ancestry (Mighdoll & Hyde, 2018), to our 
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knowledge there are few recent reports using brain tissues from Asian, (e.g. Chinese) 

populations. Understanding the biological mechanisms by which clinically relevant genetic 

variants, with varying allelic frequencies across different populations, contribute to the 

disease pathology, will require analysis of brain tissue from different ethnic groups.

Most studies using postmortem brain tissues have focused heavily on RNA expression at the 

expense of assessing other biomolecules such as proteins. One reason for this ‘bias’ is the 

significant technological advancements occurring within the last two decades underlying 

various genomic platforms used to assay DNA and RNA (van Dijk et al., 2014). This period 

serendipitously also coincided with the first attempts to utilize postmortem brain tissues to 

assess gene expression differences between a limited selection of cases and controls 

(Guidotti et al., 2000; Iwamoto et al., 2004). Thus, in this review our discussion centers on 

the importance of assessing transcriptomic differences between the brains of subjects 

diagnosed with neuropsychiatric disorders and neurotypical controls with the purpose of 

understanding underlying disease mechanisms and neuronal etiopathology. We further 

highlight the importance of collecting large and ethnically diverse postmortem brain samples 

to investigate disease mechanisms across cosmopolitan cohorts and inform how population 

specific risk variants affect the implicated molecular pathways for disease etiology. This will 

allow researchers to identify disease mechanisms confined to specific genetic backgrounds, 

facilitating the development of pharmacological treatments tailored to specific populations.

1.1. Postmortem Brain Databases:

The importance of establishing rigorously maintained postmortem brain banks designed to 

study neurobiological disorders cannot be overstated. Currently, 60 brain banks across 

Europe, North America, Australia, and Asia have been established with the goal of studying 

both neurodegenerative and neuropsychiatric traits (Palmer-Aronsten et al., 2016). Of those 

60 brain banks, we have highlighted 19 of them as having neuropsychiatric specimens 

available for research (Table 1.0). As the number of postmortem brain banks expands, 

standardized protocols for brain tissue collection and maintenance is of increasing 

importance. This is especially relevant in the context of studying gene expression since 

preserving RNA integrity is critical for obtaining accurate results (Lewis, 2002; Barbara K. 

Lipska et al., 2006). For example, prolonged time between brain collection and storage, also 

known as postmortem interval (PMI), can confound result interpretation due to rapid RNA 

degradation (Blair et al., 2016). The agonal state of potential donors also impacts RNA 

quality independent from PMI due to changes in tissue pH (Harrison et al., 1995; Kingsbury 

et al., 1995). In addition to controlling the immediate effects of pre- and post-mortem factors 

on brain tissue quality, collecting information about lifestyle choices such as smoking, 

drinking, medication use and drug abuse from available hospital records or next-of-kin, can 

help further resolve confounds related to gene expression biases between different diagnostic 

groups (Lewis, 2002; Barbara K. Lipska et al., 2006).

1.2. Demographic and Clinical Characterization:

Clinical characterization of the collected tissue is a different, yet equally important 

consideration in the postmortem brain expression studies. Prior to the collection of brain 

tissues, it is important that all potential donors are properly diagnosed. This insures that both 
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subjects suffering from various neuropsychiatric disorders and neurotypical controls are 

properly identified. The latter is especially important to ensure no cryptic cases are 

misdiagnosed as controls, as this will affect downstream results and conclusions (Barbara K. 

Lipska et al., 2006). However, establishing diagnoses retrospectively is challenging and can 

introduce additional unwanted bias. One widely used approach is the collection of clinical 

and demographic information via psychiatric records review or structured interviews with 

immediate family members within one week of donation (T. M. Kelly & Mann, 1996). 

Psychiatric narratives are prepared for each case and then independently reviewed by two 

psychiatrists, who should arrive at a consensus for lifetime diagnoses status (American 

Psychiatric Association, 2013). Control status is defined by medical examiner 

documentation and a number of additional criteria. Individuals are only considered controls 

when subjects and their first-degree relatives have no history of psychological problems, 

psychiatric admissions, or any known history of psychiatric symptoms or substance abuse 

(Vonsattel et al., 2008).

In addition to obtaining accurate diagnoses, information regarding the potential use of licit 

and illicit drugs, including alcohol and tobacco, should also be thoroughly investigated and 

recorded due to their known neurobiological effects (Karege et al., 2005; Mighdoll & Hyde, 

2018; Zahr et al., 2011). Generally, the history of nicotine and alcohol use at the time of 

death is collected and verified through toxicological analysis of cotinine and alcohol levels 

in blood and/or brain tissue. A certified forensic laboratory is necessary to perform 

toxicological testing on all subjects. Another important concern that may bias comparisons 

between neuropsychiatric cases and controls is controlling for the use of neuroleptic 

medications (Barbara K. Lipska et al., 2006). Over the years, several generations of 

neuroleptic medications for the treatment of different neuropsychiatric phenotypes have 

been employed in an attempt to minimize the medications harmful side effects (D. Cohen, 

1997; Joukamaa et al., 2006; Lingjaerde et al., 1987; Tan et al., 2014). However, this poses 

an additional challenge: how should researchers control for different neuroleptics and 

prescribed dosage used in the treatment of potential donors? For clinical and research 

purposes, varying neuroleptic intake is converted into standardized doses that are widely 

accepted by the research community (Leucht et al., 2016); nowadays the common practice is 

dosage of different neuroleptic medications to be converted to chlorpromazine (CPZ) 

equivalent doses for median daily dose, total lifetime dose, and final dose before death 

(Lehman & Steinwachs, 1998; Woods, 2003). Finally, brain tissue integrity must also be 

examined by a board-certified pathologist to minimize the confounding effects of tissue 

degeneration (Mighdoll & Hyde, 2018; Vonsattel et al., 2008). Accurately assessing the 

clinical and demographic characteristics of individuals who have donated tissue is critical 

for controlling bias in postmortem experimental design.

2. IMPORTANCE OF THE POSTMORTEM BRAIN STUDIES

Large GWAS have successfully identified genetic associations for hundreds of complex 

disorders (Converge Consortium., 2015; MacArthur et al., 2017; Mühleisen et al., 2014; 

Ripke et al., 2013). However, a well-recognized limitation of GWAS data is the inability to 

elucidate potential biological mechanisms involving the identified associated variants. The 

first step in understanding the biological function of implicated SNPs involves gene 
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expression (Figure 1.0); gene expression can be considered as the most intermediate 

phenotype between genetic polymorphisms and downstream biological processes. Although 

nearly all variants identified by GWAS occur outside of protein-coding genomic regions 

(Tak & Farnham, 2015), these variants can still regulate gene expression indirectly through 

various means. For example, polymorphisms can affect gene expression levels generally 

(Emilsson et al., 2008; Stranger et al., 2007) or result in the relative increases of different 

transcript isoform levels via a SNPs impact on alternative splicing mechanisms (Pickrell et 

al., 2010). GWAS polymorphisms can also affect transcript abundance by interfering with 

miRNA function, i.e. influencing the interactions between miRNAs and their gene targets. 

Such effects have already been observed in a limited number of studies investigating 

neuropsychiatric disorders such as MDD, SCZ and BPD (Jensen et al., 2014; Kandaswamy 

et al., 2014; Rahman et al., 2010). Additionally, sequence variants have been known to 

modify sequence-specific methylation patterning at gene regulatory elements, effectively 

altering gene expression (Gibbs et al., 2010). Determining the impact of genetic variants on 

gene regulation is crucial for elucidating the mechanisms by which variants increase the risk 

of disease (Emilsson et al., 2008). Therefore, to understand the biological implications of 

clinical variants on the brain pathophysiology, it is critical to assess their impact on gene 

expression within the target disease organ from varying ethnic populations and genetic 

backgrounds.

2.1. Postmortem Brain Tissue vs. Proxy Tissues:

Proxy tissues such as blood, induced pluripotent stem cells (iPSC) or model organisms have 

been utilized to understand the etiology of neuropsychiatric disorders with unfortunately 

little success. None of these proxy tissues recapitulate the complex neurophysiological 

functions of the human brain nor encapsulate the long-term environmental interactions that 

underlie neuronal development. While these strategies enjoy the advantage of working with 

readily accessible tissues, it is unclear how variation in peripheral tissues or the brains of 

animal models accurately reflects changes associated with individual differences in the 

human brain. Many neuropsychiatric disorders such as BPD, SCZ or MDD are uniquely 

human illnesses and animal models have circumscribed utility for understanding their 

etiology. The regulatory landscape and transcriptional activities of the human brain are 

unique in many respects. The human brain is characterized by relatively high levels of 

expression when compared to other non-neuronal tissues (de la Grange et al., 2010; 

Ramsköld et al., 2009) or the brains of mammalian model organisms (Cáceres et al., 2003; 

Enard et al., 2002; Khaitovich et al., 2004; Lin et al., 2014). Human brain also has a greater 

transcriptome complexity, which is reflected by the higher levels of alternative isoforms and 

magnitude of alternative splice events showing qualitatively different splicing patterns 

relative to other tissue types (Mortazavi et al., 2008; E. T. Wang et al., 2008; Yeo et al., 

2004). Additionally, the complex nature of diagnosing and assessing specific symptoms of 

neuropsychiatric disorders is not easily translatable to model organisms. For instance, 

animal studies rely on loose behavioral models to simulate desired phenotypes based on the 

disorder of interest (Nestler & Hyman, 2010). While some models have been validated 

though extensive research, e.g. stress-based tests for modeling anxiety like behaviors 

(Blanchard et al., 2001; Cryan & Holmes, 2005; Lister, 1990), there are no substantial 

paradigms for modeling psychosis at the behavioral level (Jones et al., 2011; B. K. Lipska & 
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Weinberger, 2000). In fact, many animal studies of neuropsychiatric disorders rely on 

chemically or genetically induced dysregulation of specific neurochemical pathways already 

known to be associated with a specific disorder (Crawley, 2007; Gould & Gottesman, 2005). 

While this approach can be useful for conducting clinical trials or confirming 

electrophysiological abnormalities, it is far less useful for exploratory studies identifying 

how underlying genetic predispositions and associated aberrant gene regulation contribute to 

the behavioral variation we observe with psychiatric disorders (Nestler & Hyman, 2010). In 

contrast, a well-informed brain bank can provide the means to investigate psychiatric 

disorders under the guidelines of strict clinical criteria and without the influence of 

experimental manipulation. Therefore, due to such noteworthy differences in human brain 

expression levels and alternative splicing events compared to other proxy tissues, or the 

unique heterogeneous nature of psychiatric disorders and the challenges of translating this 

complexity to model organisms, there are distinct advantages to studying human brains 

directly.

3. CLINICAL RELEVANCE OF POSTMORTEM BRAIN TISSUE

The human brain is a complex organ composed of multiple distinct anatomical and 

functional regions, and it has been shown that gene expression patterns vary considerably 

across these different regions (Kang et al., 2011; Strand et al., 2007). Thus, it is important to 

study the transcriptome in those brain regions that are most relevant to the neuropsychiatric 

phenotype of interest. The following sections outline how current research has implicated 

various brain regions to different neuropsychiatric disorders.

3.1. Bipolar Disorder:

BPD is hallmarked by dysregulation of emotional states as afflicted individuals cycle 

through episodes of depression and mania (American Psychiatric Association, 2013). The 

brain correlates of these mood abnormalities remain an active area of investigation. Current 

evidence from multiple lines of research (postmortem, lesion and imaging studies) point to 

the crucial role of the limbic system for mood regulation. Other parts of the brain (i.e., 

dorsolateral prefrontal cortex (DLPFC, Brodmann area 45 and 46) and hippocampus) can 

also influence mood in conjunction with the structures in the limbic system (Rajkowska et 

al., 2016; Wise et al., 2017). Based on convergent evidence, two important structures within 

the limbic system, the amygdala and the subgenual Anterior Cingulate Cortex (sACC), were 

also demonstrated to govern mood regulation in the pathology of BPD (Drevets et al., 2008). 

For example, a meta-analysis of 98 studies found strong evidence for enlarged ventricles, 

left ACC, the amygdala and the globus pallidus in BPD (Kempton et al., 2008). A 

complementary meta-analysis found gray matter reductions in the anterior limbic regions 

and the left ACC (Bora et al., 2010). Larger meta-analyses that are currently being carried 

out by the ENIGMA consortium show significant volumetric differences in several limbic 

structures, especially the amygdala with respect to BPD (Selvaraj et al., 2012). A recent 

meta-analysis of brain imaging studies (Chen et al., 2011) found consistent evidence for 

over-activation throughout the limbic system (amygdala, striatum and the medial temporal 

lobe) in response to emotion eliciting tasks as well as under-activation in the prefrontal 

cortex, supporting the hypothesis that BPD may be associated with limbic overactivity and 
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diminished prefrontal regulation (Strakowski et al., 2012). The sACC has also been 

prominently studied following an initial report where reduced PET activity was identified 

within the sACC of depressed patients with bipolar and unipolar disorder (Holtzheimer et 

al., 2012). Subsequent BPD studies have confirmed reduced fMRI activation in the sACC 

(Chen et al., 2011) with replicated evidence of glutamate/glutamine signaling abnormalities 

(Chitty et al., 2013). Targeting the sACC with deep brain stimulation has also shown initial 

promise in the treatment of the depression in both unipolar and bipolar disorders 

(Holtzheimer et al., 2012). The accumulation of evidence pointing to disruptions in 

connections within and between the limbic system and prefrontal brain regions highlight the 

importance of looking specifically at these brain structures to investigate the genomic 

processes at the root of observed neuropathological changes. These findings further illustrate 

the importance of studying the effects of ancestry specific genetic polymorphisms on gene 

regulation within disease relevant regions of interest.

3.2. Major Depressive Disorder:

In contrast to BPD, MDD is characterized by unipolar emotional dysregulation in which 

individuals experience recurring periods of severe depression (American Psychiatric 

Association, 2013). While many of the neuroanatomical correlates are common across mood 

disorders, investigators have identified additional structural, functional and connectivity 

abnormalities associated with MDD. As mentioned previously, the limbic system, beginning 

with the amygdala is the most heavily implicated neuroanatomical pathway associated with 

emotional regulation and affect (Mayberg, 1997; Whalen et al., 2002). Mood regulation and 

MDD pathology is not limited by limbic system functionality, but also extends to areas of 

the PFC and ACC (Davidson et al., 2002). More specifically, structural magnetic imaging 

(MRI) has identified reduced grey matter volume between MDD cases and controls among 

key regions of the limbic system (amygdala, hippocampus, insula), ventrolateral prefrontal 

cortex (VLPFC, Brodmann area 47), DLPFC (Brodmann area 45 and 46) and ACC 

(subgenual ACC and rostral anterior cingulate) (Koolschijn et al., 2009; Stratmann et al., 

2014). In addition to structural abnormalities discovered via MRI, functional neuroimaging 

studies have identified MDD associated aberrant activation and functional anomalies within 

the limbic system and connecting brain regions. Studies involving cognitive and emotional 

tasks in conjunction with fMRI analysis identified hypoactivation of the amygdala and ACC, 

whereas hyperactivation of the DLPFC and striatum was associated with MDD related 

emotional processing (Diener et al., 2012). Findings from the ENIGMA meta-analysis 

showed that MDD cases have thinner cortical gray matter in the orbitofrontal cortex (OFC), 

anterior and posterior cingulate, insula and temporal lobes (Schmaal et al., 2017) as well as 

lower hippocampal volumes (Schmaal et al., 2016). Recent advances in resting state 

functional connectivity (RSFC) analyses, in which regional neuronal interactions are 

analyzed during task-negative or resting sate experimental conditions, have identified other 

neural networks associated with MDD (Kaiser et al., 2015). RSFC and resting-state 

networks have also implicated additional brain regions potentially associated with MDD 

such as the anterior insula, cerebellum, and thalamus (Greicius et al., 2007; Kaiser et al., 

2015; Liu et al., 2010). In addition to MDD associated functional, structural and 

connectivity abnormalities, circadian rhythm disruption is a well-known symptom of MDD 

with brain region specific underpinnings (McCarthy & Welsh, 2012; Kronfeld-Schor & 
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Einat, 2012). Circadian rhythm disruption is believed to be the product of dysregulated 

genes responsible for diurnal cycle i.e., the so called “clock genes” (Wu, et al., 2006; 

Ackermann, et al., 2007). The cyclical upregulation and downregulation of these select 

genes is weakened within the brains of patients with MDD (Li, et al., 2013). Interestingly, it 

was further shown that clock genes, such as brain and muscle Arnt-like protein-1 (BMAL1), 

period circadian regulator 1, 2, and 3, (PER1, PER2, PER3), and D-site binding protein 

(DBP), showed dysregulated expression within the ACC of MDD cases (Bunney et al., 

2015). The substantial evidence pointing to MDD pathology as the potential product of 

neuroanatomical abnormalities only emphasizes the importance of postmortem brain studies 

to understand how genetic predispositions and gene regulation underlie dysfunction within 

MDD relevant tissues.

3.3. Schizophrenia:

The rationale for using postmortem tissue in the study of neuropsychiatric disorders is best 

highlighted when investigating the pathology of schizophrenia. SCZ is a debilitating 

psychiatric disorder characterized by neuroanatomical dysfunction resulting in cognitive 

impairment and psychosis (American Psychiatric Association, 2013). One main structural 

abnormality observed in SCZ patients is regional volume decreases in both grey and white 

matter. A meta-analysis of 15 voxel-base morphometry studies identified that the left 

superior temporal gyrus and the left medial temporal lobe showed the most significant 

deficits in grey matter volumes when comparing SCZ cases and controls (Honea et al., 

2005). Additionally, longitudinal studies of SCZ patients have identified global and localized 

(left superior frontal area (Brodmann areas 9/10), left superior temporal gyrus (Brodmann 
area 42), right caudate nucleus, and right thalamus) decreases in grey matter density as the 

disease develops (van Haren et al., 2007). Structural brain abnormalities associated with 

SCZ are not limited to areas of the cortex and limbic systems but also include connecting 

white matter tracts (S. Kelly et al., 2018). More importantly, genetic risk variants associated 

with SCZ have been correlated with deficits in white matter and total brain volume 

(Terwisscha van Scheltinga et al., 2013). Contemporary dysconnectivity theories suggest 

that SCZ is the result of deficits in information integration between brain regions, 

specifically areas such as the PFC and ACC (Lynall et al., 2010; Shon et al., 2018), resulting 

in the progressive loss of synaptic plasticity (Stephan et al., 2006). There is additional 

evidence to suggest that functional connectivity deficits associated with SCZ might be under 

genetic control. For instance, the rs6039769 variant associated with both SCZ and BPD is in 

the promoter region of SNAP25, a gene involved in synaptic development and plasticity 

(Houenou et al., 2017). Based on familial history of SCZ diagnosis, genetically high-risk 

individuals show decreased neuronal connectivity within areas of the PFC and ACC (Jang et 

al., 2011). The convergent evidence suggesting that SCZ associated brain abnormalities have 

a potential genetic underpinning highlights the need for increased research on clinically 

relevant tissue types, specifically postmortem brain.

4. POSTMORTEM GENE EXPRESSION STUDIES

Availability of postmortem brain tissues is a must to investigate the impact of genetic 

variants on gene expression for a specific neuropsychiatric disorder. Transcriptomic studies 
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have shown that the brain maintains the highest levels of gene expression and transcriptome 

complexity relative to other tissue types (GTEx Consortium, 2013; Su et al., 2004), 

including a substantial gene expression differences between brain regions and neuronal cell 

types (Hawrylycz et al., 2012). The unique transcriptome complexity in the brain is further 

augmented by the increased levels of alternative isoform expression resulting from neuronal 

tissue specific alternative splice events (Pan et al., 2008). Finally, several transcriptomic 

studies have reported that a significant proportion of the protein coding genes in brain show 

spatiotemporal expression patterns with greatest expression changes occurring prenatally 

(Kang et al., 2011; M. Li et al., 2018; D. Wang et al., 2018). Therefore, the significant 

distinctions between brain tissue and other tissue types further emphasizes the importance of 

studying human brains directly, especially in the context of neuropsychiatric disorders.

4.1. Alternative Splicing in the Brain:

The splicing of precursor mRNA is important for the post-transcriptional regulation of gene 

expression. Alternative splicing allows for significant expansion of the human proteome 

relative to other species with a similar number of genes (Irimia & Blencowe, 2012; Will & 

Lührmann, 2011). This process is facilitated primarily by large ribonucleoprotein complexes 

called spliceosomes (Figure 2.0) (Will & Lührmann, 2011). As mentioned previously, the 

human transcriptome contains more alternative splice variants than any model organism with 

88% of transcribed genes containing two or more isoforms (Barbosa-Morais et al., 2012; 

Merkin et al., 2012). Neuronal genes are especially susceptible to post-transcriptional 

regulation via increased alternative splicing events, in part due to brain-specific splicing 

factors (e.g., nPTB, NOVA1, NOVA2 and Hu/Elav proteins) (Ule et al., 2005). This is 

especially important for understanding disease etiology because differential expression of 

alternative transcripts within postmortem brains has been associated with the clinical 

diagnosis of neuropsychiatric disorders (Ernst et al., 2009; Lau & Zukin, 2007; Nakata et al., 

2009a). For instance, dysregulated splicing events within exon11a of ENAH and the 3’ UTR 

of CPNE3 have been associated with SCZ (O. S. Cohen et al., 2012). These studies among 

others, highlight alternative splicing with disorder specific changes in alternative isoform 

expression as an underlying functional link between genetic variation and neuropsychiatric 

etiopathology.

4.2. Non-coding RNA species in the Brain:

Non-coding RNAs (ncRNA) are another class of molecule that have recently begun to be 

studied using postmortem brain tissue from cases with various neuropsychiatric disorders. 

These RNA molecules have very limited to no protein translation capabilities and include 

both short microRNA (miRNA), and long non-coding RNA (lncRNA) as well as certain 

transposable elements (TE) (Esteller, 2011).

4.2.1 MiRNA Studies in the Brain: MiRNAs are small ncRNA (≈22 bp), the 

biogenesis of which is a three-step process starting in the cell nucleus and ending with the 

generation of the mature miRNA in the cytoplasm (Bartel, 2004). Most miRNAs regulate 

gene function mainly negatively through imperfect binding with the 3' untranslated region 

(3’UTR) of mRNA (John, et al., 2004; Ritchie, et al., 2009). Depending on homology, 

miRNA can affect either the degradation of an mRNA target or its translational inhibition 
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(Lewis, et al., 2005). MiRNAs further contribute to the transcriptome complexity of the 

brain with two thirds of all miRNA being expressed in the brain and implicated in 

neurodevelopment and plasticity (Fineberg, et al., 2009; Xu, et al., 2010). Studies that have 

assessed miRNA expression in postmortem brain tissues have identified differentially 

expressed miRNA between cases with various neuropsychiatric disorders, such as 

schizophrenia, bipolar disorder and major depression (Perkins et al., 2007; Kim, et al., 2010; 

Moreau, et al., 2011; Smalheiser, et al., 2014; Azevedo et al., 2016). For example, one study 

profiling the expression of 256 different miRNAs identified 15 significantly upregulated 

miRNAs and one significantly downregulated within the prefrontal cortex of individuals 

with SCZ and schizoaffective disorder (Perkins, et al., 2007). Another study showed that 

downregulated miRNAs within the PFC of SCZ, BPD, and MDD cases are especially 

enriched at the synapse (Smalheiser, et al., 2014).

4.2.2. LncRNA expression in the Brain: In contrast to miRNA, lncRNAs are defined 

as a larger non-coding RNA species (>200 bps), which interestingly share many features 

with the protein-coding genes, such as promoter regions, intron/exon junctions, and 

alternative splice variants (Quinn & Chang, 2016). Although, few isolated lncRNA (i.e. most 

notably the X-inactive specific transcript (XIST)) have been known and studied in great 

details (Yang, et al., 2018), it was not until recently that we have become aware of the sheer 

size of the lncRNA transcriptome and their importance for the development of many 

psychiatric and neurological disorders (Wu, et al., 2013; Zuo, et al., 2016). Not surprisingly, 

LncRNA have already been implicated in neuronal development (Qureshi & Mehler, 2012; 

Zhang, et al. 2017), higher order cognitive functioning (Barry & Mattick, 2012), and 

neuropsychiatric disorder etiopathology (Lin, et al., 2011; Liu et al., 2014). While the 

diverse functional properties of lncRNA in the brain are still poorly understood, the 

consensus is they participate in activity-dependent gene regulation through three-way 

binding interactions with DNA, RNA, and protein (Andersen & Lim, 2018). In respect to 

neuropsychiatric disorders, a limited number of studies have already identified differentially 

expressed lncRNAs in postmortem brains from subjects with SCZ and controls (Tian, et al., 

2018; Liu, et al., 2018). One study in particular utilized a network based approach to 

determine the functional annotation of lncRNAs associated with SCZ disorder status (Tian, 

et al., 2018).

4.2.3. Transposable Elements (TE): TEs, or transposons, are low-complexity 

genomic sequences that constitutes over half of the human genome, and primarily located in 

intergenic regions (Slotkin & Martienssen, 2007). Of the varied types of TEs present 

throughout the human genome, human endogenous retroviruses (HERVs) have been 

associated with multiple neuropsychiatric disorders. HERVS are a low-mobility TE that 

make up around 8% of the human genome and are believed to be the remnants of an ancient 

viral infection (Guffanti et al., 2014). A handful of studies have identified abnormal 

expression of HERVs, specifically the HERV(-K) and HERV(-W) families, within the 

postmortem brains of individuals with SCZ, BPD, and MDD (Yolken, et al., 2000 ;Frank et 

al., 2005; Weis et al., 2007).
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4.3. Methods for Quantifying Gene Expression:

Over the years different approaches and platforms evolved to study gene expression in the 

brain (Figure 3.0). Initially, these were centering on low-throughput platforms such as 

polymerase chain reactions (PCR) that are ideal for detection of single gene expression 

differences. However, as the detection technologies were further developed, this shifted 

towards a high-throughput approaches capable of simultaneous assessment of the entire 

transcriptome either via the older hybridization (i.e. gene expression microarray) and/or the 

newer (RNA sequencing) platforms. As these platforms have their own advantages and 

limitations it is important to carefully consider, depending on the study design and sample 

size, which methodology is best suited to test the specific research hypothesis.

4.3.1. Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-
qPCR): The reverse-transcription quantitative PCR (RT-qPCR) has become the “gold” 

standard for both targeted gene expressions analysis and experimental validation of 

microarray and RNA-seq (VanGuilder et al., 2008). Although the unparalleled specificity 

and sensitivity of RT-qPCR approaches is ideal for small scale study design and validation, it 

is not without disadvantages. More specifically, the widespread use of this method has 

resulted in the development of different protocols for each step of the experimental design. 

A concerted effort by various research groups attempted to solve this problem led to the 

creation of the “Minimum Information for Publication of Quantitative Real-time qPCR 

Experiments” (MIQE) (Bustin et al., 2009), which is a guideline to promote consistency 

between different protocols and laboratories. However, it is still not ubiquitously practiced, 

resulting in problems of reproducibility within and between research groups (Taylor et al., 

2010). Additionally, the quality and purity of RNA samples has a significant impact on the 

PCR efficiency affecting transcript amplification and leading to confounding variability not 

associated with case/control status (Fleige & Pfaffl, 2006).

4.3.2. Gene Expression Microarray: Based on the principals of complementary DNA 

(cDNA) synthesis and nucleic acid hybridization, gene expression microarrays investigate 

the expression of thousands of genes in parallel (Schena et al., 1995). Although parallel 

processing of multiple samples across thousands of genes has obvious utility, microarrays 

are not without limitation. The detection limit for determining significant differences in 

transcript abundance of both oligonucleotide and cDNA microarrays poses challenges for 

postmortem brain studies, specifically because many disease causing transcripts are 

expressed in low-abundance, below the detection limit of the microarray (Schulze & 

Downward, 2001). Additionally, the collection of probes available on any one specific array 

is usually limited to detecting main gene isoforms, thus eliminating the possibility of 

detecting differential expression of alternative transcripts. There are however, specialized 

microarrays that attempt to capture splice variants based on oligonucleotide probes designed 

to span unique exon junctions specific to alternative transcripts (Clark et al., 2002).

4.3.3. RNA-Sequencing: RNA-seq provides the possibility for highly sensitive 

transcriptome profiling by deep-sequencing. This is incredibly useful for determining the 

gene expression levels for alternative splice variants in parallel and the potential for 

identifying novel RNA transcripts (Trapnell et al., 2012). Unlike microarrays, RNA 
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sequencing allows for a greater dynamic range of expression levels based on the extent of 

coverage and depth in transcript detection (Z. Wang et al., 2009). While RNA-seq 

methodology has been significantly optimized since its first inception over a decade ago, it 

still has some technical issues and limitations (Marioni et al., 2008), such as 3’ sequence 

biases and gene length bias that occur during sample extraction and cDNA library 

preparation (Roberts et al., 2011). Additionally, the extent of sample preparation and data 

processing and storage involved in obtaining gene expression levels via RNA-seq is 

computationally expensive and laborious, requiring a team of experienced bioinformaticians 

and molecular geneticists (Z. Wang et al., 2009). While this method has become the new 

standard for large scale transcriptome profiling, it is still important to note that RNA-

sequencing requires validation via independent platforms such as RT-qPCR.

4.4. Integrating GWAS Data and Differential Expression via eQTL:

There is a continued emphasis to provide functional explanations for disease associated 

genetic variants identified in GWAS. Expression quantitative trait loci (eQTL) mapping has 

become one of the most successful tools in assessing how genetic variants affects gene 

regulation. In eQTL studies, gene expression levels are treated as quantitative traits which 

are then interrogated via various genetic mapping techniques (Gilad et al., 2008). The advent 

of large GWAS studies for neuropsychiatric disorder and the identification of genome-wide 

significant polymorphisms (Wu & Pan, 2018) has highlighted the emerging need for eQTL 

studies in human brain tissue. To date, there have been several successful studies 

implementing this methodology to link genetic variants to differential gene expression in the 

study of neuropsychiatric phenotypes (Table 2.0). More specifically, one study implicates 

ZNF323 as a potential SCZ risk gene via eQTL analysis of the PGC GWAS identified SNP 

rs1150711 (Luo et al., 2015). Similarly, in another postmortem brain study a significant 

association was found between the differential expression of brain-specific AN3K isoforms 

and BP-associated risk variants (rs1938526) (Rueckert et al., 2013). Studying eQTLs is not 

just limited to the investigation of a single gene, but also to a whole gene networks in which 

the eQTL impact on the network functions is studied under a broader biological framework 

to better understand disease neuropathology (Mamdani et al., 2015). Thus, these studies 

highlight the clinical significance of integrating GWAS and eQTL data, specifically in 

postmortem brains, where careful consideration given to allelic frequency variation across 

different ethnic background will help to identify potential diagnostic or pharmacological 

targets.

4.5. Postmortem Gene Expression Studies and Neurodevelopment:

It is well documented that the biological underpinnings of neuropsychiatric etiopathology 

can begin well before the onset of symptoms, sometimes even prenatally (Birnbaum, et al., 

2014; Cristino, et al., 2014). SCZ, in particular, has been extensively studied in respect to 

neurodevelopmental risk factors (Weinberger, 2017), with many of the GWAS of SCZ loci 

implicated in processes related to synaptic developmental (Fromer et al., 2014; Hall, et al., 

2015). Furthermore, comparison of pre- and post-natal expression profiles have shown 

increased expression levels for genes within the SCZ GWAS implicated loci in fetal brains 

relative to postnatal brains (Birnbaum & Weinberger, 2017; Jaffe et al., 2015). However, in 

contrast to SCZ, the neurodevelopmental processes underlying BPD and MDD have been 
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less studied and are much less understood (Bale et al., 2010). The lack of 

neurodevelopmental understanding in respect to neuropsychiatric disorders is a result of 

limited postmortem samples spanning different developmental periods and the often late 

onset of symptoms for BPD, MDD and SCZ making case/control identification difficult 

(Klein et al., 1999; Gogtay,et al., 2011; Perlis et al., 2009). Therefore, to improve our 

understanding of the neuropathology of psychiatric disorders, current and future postmortem 

brain banks will require, not only expansion of the ethnic diversity of their collection, but 

also an active effort towards collecting tissue across different neurodevelopmental stages.

5. FUTURE OF POSTMORTEM BRAIN STUDIES

GWAS of neuropsychiatric disorders continue to identify an ever increasing number of 

genetic variants associated with, as of now, still unknown functional significance. As 

previously stated, it is well supported that most of the pathological abnormalities underlying 

these disorders reside in localized regions of the brain. However, to properly use postmortem 

brain tissue to study neuropsychiatric disorders, we argue for implementation of larger 

postmortem brain banks from ethnically diverse populations. Below, we address two major 

limitations (i.e., sample size and ethnic diversity) that currently face the field and propose 

solutions to address these limitations in the postmortem brain research of neuropsychiatric 

disorders. While, due to a recent establishment of various genomic consortia (e.g. 

PsychEncode), the need for greater sample sizes has become less urgent, expanding the 

ethnic diversity of potential donors remains an important necessity for providing insight into 

the population specific disease associated genetic mechanisms.

5.1. Limited Power of Post Mortem Brain Studies:

Over the past three decades there has been a concerted effort to collect postmortem brains 

from individuals afflicted with psychiatric disorder. In the last 10 years, postmortem brain 

databases worldwide have begun to increase substantially their postmortem brain 

repositories spanning multiple disease phenotypes and ethnic groups (Anderson et al., 2001; 

A. Schmitt et al., 2007). Unfortunately, with few exceptions until recently, the majority of 

the postmortem brain databases contain relatively small sample sizes due to logistic, ethical 

and cultural obstacles, effectively limiting the research community and inhibiting their 

ability to detect significant findings (Deep-Soboslay et al., 2011; Xiao et al., 2009). This is 

especially important in the context of current and future eQTL studies, in which the 

statistical power is a function of minor allele (MAF) frequency, effect size, and sample size 

(Schliekelman, 2008) (Figure 4.0). Majority of eQTL studies have suffered from limited 

statistical power that has had consistent and mostly negative impacts on genetic and eQTL 

studies of neuropsychiatric disorders (Huang et al., 2018). For example, the limited sample 

size has a substantial impact on identifying, the so-called trans-eQTLs (i.e. eQTL that are 

associated with expression of remote genes as opposed to cis-eQTL that reside close to the 

transcription start site of the target gene) (Yao et al., 2017), which even with the currently 

increasing sample sizes are still underpowered (Huang et al., 2018). Given that effect sizes 

recorded in neuropsychiatric disorders are notoriously low, study design requires large 

samples to identify reliable phenotypic differences between cases and controls (Bezeau & 

Graves, 2001). Additionally, the positive relationship between MAF and statistical power 
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limits genetic studies to investigating only common variants (MAF >1%) (de Bakker et al., 

2005). When working with small effect sizes and relatively low allele frequencies (MAF > 

10%) studies have shown inflated false discovery rates (FDR) for eQTL associated genes 

(Huang et al., 2018). Although statistical methods attempt to mitigate issues of low MAF 

and small effect sizes (Zhu et al., 2016), increasing sample size remains an efficient way to 

increase statistical power and study design. This only further emphasizes the importance of 

expanding current postmortem brain banks to include greater samples sizes for genetic and 

transcriptomic studies of neuropsychiatric disorders.

5.2. Limited Diversity among Postmortem Brain Studies:

Aside from small sample sizes, the lack of ethnic diversity substantially impacts study 

design. Genetic studies have long identified population stratification as a major confounding 

factor when investigating disease associated polymorphisms due to the significant variation 

in allele frequencies between ethnic groups (T. G. P. Consortium, 2012; Rosenberg et al., 

2002). Additionally, disregard for population specific genetic variation, can lead to 

substantial difficulties to interpret the eQTL data, especially for variants with significantly 

varying allele frequencies between populations or even not present in the analyzed sample. 

As an example, while the China Oxford and VCU Experimental Research on Genetic 

Epidemiology (CONVERGE) consortium has identified significantly associated genetic risk 

variants for MDD using a relatively large (N= 6000 cases/6000 controls) clinically and 

genetically homogenous sample of Han Chinese women (Converge Consortium, 2015), one 

immediate obstacle in translating these GWAS findings to clinically relevant neurobiological 

mechanisms is the overall lack of ethnically comparable brain repositories composed of 

Chinese postmortem samples that share the same allelic frequencies as the CONVERGE 

subjects. Moreover, all available postmortem brain banks worldwide are composed primarily 

from subjects with European or North American genetic backgrounds (Palmer-Aronsten et 

al., 2016). The limited tissue contribution to postmortem brain banks by donors from 

different ethnic groups may be a result of negative social, political and cultural ideations in 

respect to organ donation. It is well understood, at least in the North American medical 

community, that minority groups are less likely to participate in organ donation compared to 

Caucasians (Michie et al., 2011; Xiao et al., 2009). For these reasons, initiating international 

collaborations aimed at establishing postmortem brain repositories dedicated to expansion of 

the ethnic diversity of potential donors would greatly improve research outcomes for 

understanding how genetic predispositions impact neuropsychiatric etiopathology across 

different populations.

5.3. International Postmortem Brain Bank Collaborations:

One potential solution to diversify the ethnic composition of the current postmortem brain 

banks is through collaboration with research institutions from countries such as China. For 

example, the largest postmortem brain bank in China was established in 2012 by the Chinese 

Academy of Medical Sciences/Peking-Union Medical College (CAMS/PUMC) and 

currently contains samples from 224 donors (Zhang et al., 2018). To provide a shared 

platform and database for academic exchange, the China Human Brain Bank Consortium 

(CHBBC) was formally established in May 2016 through the joint efforts of 10 medical 

schools and universities across China (Qiu et al., 2018; Zhang et al., 2018). CHBBC goals 
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for international sharing and integration of genomic data will undoubtedly contribute 

substantially to the clarification of differences among ethnic groups while paving the way 

for collaborations with other brain banks. Genetic and transcriptomic comparisons between 

different ethnic groups following postmortem brain tissue sharing between research 

institutions is fundamental to elucidating the molecular mechanisms underlying human 

diseases.

6. CONCLUDING REMARKS

The importance of establishing robust postmortem brain banks with increased sample sizes 

from diverse ethnic backgrounds cannot be overstated, especially when investigating the 

biological mechanisms of disease risk eQTLs underlying neuropsychiatric etiopathology. 

Integrating findings from large GWAS and high-throughput gene expression studies will 

inform the functional relevance of disease-associated risk variants. While in recent years the 

statistical power has become less concerning, the lack of ethnic diversity among the current 

postmortem brain banks still significantly impedes the progress towards understanding the 

genetic mechanisms underlying neuropsychiatric disorders. Within the scientific community, 

a greater emphasis should be placed on the development of robust ethnically diverse 

postmortem brain databases through public education on the importance of organ donation 

and international scientific collaboration. The wealth of information provided from 

expanded postmortem brain studies will not only increase our understanding of individual 

differences role in disease susceptibility, but also yield important insights into ethnicity 

specific occurrence rates, progression and treatment of neurological diseases, and more 

specifically neuropsychiatric disorders.
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Highlights

• Gene expression serves as a functional intermediate between genotype and 

phenotype.

• The etiologically relevant tissue for studying neuropsychiatric disorders is 

brain.

• Most current postmortem brain banks lack in ethnic diversity and sample 

sizes.
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Figure 1: GWAS to Postmortem Gene Expression.
The workflow diagram outlines the steps involved in the integration of GWAS and gene 

expression data. The GWAS data are generated by genotyping and subsequent imputation of 

millions of SNPs in thousands of carefully selected cases and matched controls. Similarly, 

gene expression and SNP data are generated in brain tissues from various brain banks to 

identify brain specific eQTLs affecting gene expression. In the final steps, GWAS and eQTL 

data from these two sources are integrated to identify potentially causal GWAS variants.
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Figure 2: U2-Type Spliceosome Facilitated pre-mRNA Splicing Mechanism.
Small nuclear ribonuceoprotein (snRNP) U2 facilitated spliceosome assembly begins with 

the U1 snRNP associating with the 5’ splice site and U2 at the branch point (complex A). 

The pre-assembled U4/U5/U6 tri-snRNP is recruited to form the pre-catalytic spliceosome 

(complex B1). U1 and U4 snRNPs are then destabilized by various protein interactions 

resulting in the catalytically active spliceosome (complex B2). The U2/U5/U6 spliceosome 

complex then facilitates intron excision and exon ligation via two step catalytic process 

(complex C).
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Figure 3: Gene Expression Analysis Methods.
A visual summary of the main steps for each of the three most commonly used methods for 

quantifying gene expression.
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Figure 4: Power Estimation for eQTL Studies.
The graph shows the relationship between statistical power, minor allele frequency (MAF) 

and sample size for detection of eQTLs. As shown by the graph successful detection of less 

common eQTLs is only possible with larger sample sizes, i.e. to detect eQTLs with MAF of 

5% we need at least a sample size of N ≥800 brains.
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Table 1.

International List of Active Postmortem Brain Banks

 

 

Postmortem Brain Banks Location

University of Miami Brain Endowment Bank 
a Miami, FL

University of Maryland Brain and Tissue Bank 
a Baltimore, MD

Stanley Brain Collection Chevy Chase, MD

Harvard Brain Tissue Resource Center 
a Belmont, MA

Pritzker Neuropsychiatric Consortium Brain Bank Irvine, CA

dHuman Brain and spinal Fluid Resource Center 
a Los Angeles, CA

Mt. Sinai Brain Bank
a Bronx, NY

Brain Tissue Donation Program at the University of Pittsburg 
a Pittsburgh, PA

Douglas - Bell Canada Brain Bank Montreal, Quebec

Netherlands Brain Bank 
b Amsterdam, Netherlands

Human Brain Tissue Bank Budapest 
b Budapest, Hungary

Neurobiobank Munich 
b Munich, Germany

The London Brain Bank for Neurodegenerative Diseases 
b London, UK

New South Wales Tissue Resource Centre 
c Sydney, Australia

South Australian Brain Bank 
c Adelaide, Australia

Victorian Brain Bank 
c Parkville, Australia

Neurological Foundation of New Zealand Human Brain Bank Grafton, New Zealand

Human Brain Tissue Repository. NIMHM Bangalore, India

Chinese Brain Bank Center Wuhan City, China

An active list of postmortem brain banks worldwide with available neuropsychiatric specimens. Some of these brain repositories are part of larger 
research consortiums and biobanks.

a
= NIH NeuroBiobank,

b
= BrainNet Europe,

c
= Australian Brain Bank Network
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Table 2.

Selection of Postmortem Gene Expression Studies

 

Citation Sample Brain Regions
Gene
Expression
Method

Nakata et al., 2009
61 SCZ, 30 CON

Hippocampus RT-qPCR
 29W, 62NW

Kim et al., 2010
35 SCZ, 35 BPD, 33 CON

DLPFC (BA46)
RT-qPCR (miRNA)

 102W, 1NW

Choi et al., 2011
40 BPD, 43 CON

PFC (BA46) Microarray
 83W

Ramaker et al., 2017
24 SCZ, 24 BPD, 24 MDD, 24 CON

ACC, DLPFC (BA46), NAc RNA-seq
 89W, 7NW

Darby et al., 2016
35 SCZ, 33 BPD, 32 CON

Hippocampus RNA-seq
 98W, 2 NW

Pandey et al., 2018
31 SCZ, 24 CON

PFC (BA9) RT-qPCR
 38W, 17NW

Pantazatos et al., 2017 30 MDD, 29 CON
PFC (BA9) RNA-seq

 59 W

Hwang et al., 2013
14 SCZ, 15 CON

Hippocampus RNA-seq
 29W

Schmitt et al., 2010
10 SCZ, 9 CON

Cerebellum RT-qPCR
 19W

Fromer et al., 2016
258 SCZ, 279 CON

DLPFC (BA46, BA9) RNA-seq
 433W, 104NW

Williamson et al., 2015
27 SCZ, 29 BPD, 22 CON

DLPFC (BA46)
RT-qPCR (miRNA)

 77W, 1NW

Kim et al., 2010
10 BPD, 10 CON

PFC (BA9) RT-qPCR
 20W

Li et al., 2013
34 MDD, 55 CON DLPFC, ACC, NAc, HIPP, CB, AMYG

Microarray
 89W

Kaalund et al., 2014
176 SCZ, 61 BPD, 138 MDD, 326 CON

DLPFC, HIPP, Caudate nucleus RT-qPCR
 403W, 296NW

Gray et al., 2015
53 MDD, 32 CON

DLPFC RT-qPCR
 58W, 27NW

Postmortem gene expression studies with information about sample sizes and demographics, brain regions investigated, and method for gene 
expression quantification.

SCZ= schizophrenia, BPD= bipolar disorder, MDD= major depressive disorder CON= control

W= White, NW= non-white
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