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Abstract

In the past 25 years, research on the human brain has been providing a clear path toward
understanding the pathophysiology of psychiatric illnesses. The successes that have been accrued
are matched by significant difficulties identifying and controlling a large number of potential
confounding variables. By systematically and effectively accounting for unwanted variance in data
from imaging and postmortem human brain studies, meaningful and reliable information regarding
the pathophysiology of human brain disorders can be obtained. This perspective paper focuses on
postmortem investigations to discuss some of the most challenging sources of variance, including
diagnosis, comorbidity, substance abuse and pharmacological treatment, which confound
investigations of human brain.

Keywords
human postmortem; in vivo imaging; confounding factors; psychiatric disorders; comorbidity

INTRODUCTION

There is no controversy regarding the fundamental role of human brain studies in
investigations of the pathophysiology of psychiatric disorders. These illnesses do after all
involve changes in cognitive and emotional behaviors, and there is no other organ of the
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body where such functions receive their primary mediation. Because these disorders are only
diagnosable in patients, the human brain becomes by necessity the primary object of
investigation. A clear example of the success of this strategy is the involvement of
GABAergic interneurons in the pathophysiology of disorders such as schizophrenia, bipolar
disorder and autism (Akbarian and Huang, 2006; Akbarian et al., 1995; Benes, 2000; Benes
and Berretta, 2001; Benes et al., 1992; Blatt and Fatemi, 2011; Costa et al., 2004; Cotter et
al., 2002; Fatemi et al., 2011; Fatemi et al., 2009; Guidotti et al., 2011; Guidotti et al., 2005;
Heckers et al., 2002; Lawrence et al., 2010; Lewis et al., 2005; Lewis et al., 1999; Torrey et
al., 2005; Volk et al., 2000; Woo et al., 1998) (see also articles included in this Special
Issue). The postulated role of the GABA system in schizophrenia, the main focus of this
special issue, has originated from a variety of technological approaches to the study of
human brain that include both in vivo brain imaging and postmortem investigations of the
human brain.

While studies of this type led important breakthroughs in our knowledge, and offer great
promise for the future, they also present daunting difficulties related in great part to the
inherent complexity of psychiatric disorders and the many potential confounding factors.
While it is inconceivable for studies on the pathophysiology of schizophrenia and other
psychiatric disorders to be undertaken without investigations on the human brain, the
challenges these disorders pose can only be met by a highly diverse and complementary
array of methodological approaches, ones capable of integrating human studies with
investigations of non-human mammalian species and in vitro cell systems. This integration
makes it possible for studies of cognition and emotion to be understood within the context of
detailed cellular and molecular mechanisms related to neural circuitry. Our understanding of
psychiatric disorders critically depends upon the inherent synergy between brain imaging
and postmortem studies of human brain, human genetic investigations, experimental animals
and in vitro models, and their ability to reciprocally complement one another with their
respective strengths and weaknesses. In this context, it is essential to maintain an open and
constructive dialogue regarding the strengths and weaknesses of each of these respective
methodologies. The intent of this perspective paper is to stimulate a dialogue that will help
to highlight some of the main challenges that studies of the human brain, and postmortem in
particular, in psychiatric disorders present to the field of translational neuroscience.

Methodological innovations applied to postmortem investigations on the human brain have
in recent years rapidly amplified their potential and usefulness. Increasingly more
sophisticated methodological approaches, such as studies of microarray-based genomic
integrity, gene expression and methylation, cell level gene and microRNA expression
profiling, as well as epigenetics, proteomics, and quantitative high resolution microscopy,
hold important promises for progress (Benes, 2012; English et al., 2011; Horvath et al.,
2011; Mitchell et al., 2014; Moreau et al., 2011; Pidsley and Mill, 2011). In parallel,
attention to a growing number of potential confounding variables, and advances in our
understanding of the effects on the brain of systemic physiological and pathological
conditions, has contributed to elevate accepted standards. This process is leading toward
increasingly more rigorous approaches with regard to diagnostic criteria, comorbidity,
effects of pharmacological treatment and drugs of abuse, among many. Far from wishing to
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push forth one specific approach over others, a discussion of commonly used strategies is
intended to encourage an ongoing conversation about valid approaches to the study of
postmortem human brain.

Although we focus on human postmortem investigations, it is important to remember that
several of the aspects discussed below are also critical to in vivo imaging studies. Both in
vivo and postmortem human studies bring to the fore issues related to reliable psychiatric
diagnosis, comorbidity, substance abuse, current and past pharmacological treatment and
compliance. Each of these issues presents a distinct challenge to both postmortem and brain
imaging studies of the brain in relation to psychiatric disorders. For both, it is critical to
emphasize the importance of gathering extensive, detailed, information on study subjects.
While this task can be particularly challenging for postmortem studies, which rely heavily
on medical records and family interviews/questionnaires, the availability of toxicological
and neuropathological assessments represents a significant advantage, as discussed in more
detail below. The reliance of human postmortem studies on the availability of subject
information underlies the importance of modern approaches to brain banking and thoughtful
screening of available information. Other important aspects related to human brain studies
have been elegantly discussed by other authors (Deep-Soboslay et al., 2011; Harrison, 2011,
Horvéth et al., 2011; McCullumsmith and Meador-Woodruff, 2011; Tunbridge et al., 2011).

DIAGNOSIS

The debate about diagnostic criteria, highlighted during the recent release of the DSM 5,
raises important issues relative to categorical versus dimensional diagnostic approaches
(Barch et al., 2013; Heckers et al., 2013). These issues are equally important to clinicians
and researchers, as they impact on the conceptual framework and design of group
comparisons. Clinical presentations do not often fit into categories and may change over
time, raising important questions with regard to the nature of a group, such as schizophrenia,
and the testing of hypotheses related to this disorder. For instance, should studies on
psychosis include all subjects with psychosis independent of a diagnosis of schizophrenia,
schizoaffective, psychotic bipolar disorder and other psychotic disorders? Some patients
with an initial diagnosis of one psychotic disorder will be reclassified if they are followed
for several years (Bromet et al., 2011; Salvatore et al., 2011). Which diagnosis should be
considered the best estimate diagnosis at various time points throughout the illness? While
the main goal of a specific study will dictate its design in this regard, we expect that
evolving diagnostic criteria in psychiatry will continue to shape the conceptual framework
of research studies on these disorders. Conversely, pathophysiological findings contribute to
our understanding of the relationships between disorders. For instance, abnormalities
affecting the GABAergic system have been consistently reported in schizophrenia and
bipolar disorder (Benes and Berretta, 2001; Blum and Mann, 2002; Costa et al., 2007;
Gonzalez-Burgos and Lewis, 2008; Guidotti et al., 2011; Heckers et al., 2002; Lewis et al.,
1999). However, evidence from the hippocampus indicates that the molecular mechanisms
underlying these abnormalities may be different in the two disorders (Benes, 2010). Thus, a
disruption of intrinsic inhibitory circuits may represent a shared pathological feature,
perhaps underlying overlapping clinical domains, and yet resulting from distinct
pathophysiological mechanisms.
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For the large majority of postmortem studies, the diagnosis is based exclusively on medical
records and family questionnaires. The retrospective nature of these diagnoses represents a
clear limitation of these studies. However, it is important to consider that medical records
obtained for each brain donor contain detailed information on clinical presentation,
hospitalizations, prescription drugs and other therapeutic interventions. Importantly, this
information often spans the duration of the illness, and thus represents the views of several
clinicians at different times. Clinical records, together with extensive family questionnaires
providing a wealth of useful information, such as previous use of drugs of abuse, premorbid
symptomatology, and status of living, are reviewed by trained psychiatrists following brain
donation. Standard toxicological panels (see below) are also obtained and used to evaluate
whether drugs of abuse were taken by control and diseased subjects prior to death. Thus,
although carried out in absence of the patient, the diagnostic process for postmortem studies
takes into account the full course of the illness for each patient, coalescing diagnoses made
at different stages of the disorder with information contained in the medical records and
provided by the family, in their totality offering a unique diagnostic perspective, a ‘bird’s-
eye’ view of the disorder for each subject including changes of its presentation over time. In
addition, prospective recruitment of tissue donors, when possible, allows rigorous clinical
diagnosis through antemortem clinical assessment. Although this approach presents
considerable logistic challenges, it holds great potential to alleviate some of the difficulties
related to diagnosis (Deep-Soboslay et al., 2011).

COMORBIDITY

Comorbidity of psychiatric disorders with other brain disorders, as well as systemic
disorders, is a potential source of variance and deserves careful consideration. Within the
realm of psychiatric disorders, several clinical domains and/or categorical diagnosis often
coexist, such as psychosis, anxiety and depression (Braga et al., 2013; Cerda et al., 2010;
Dernovsek and Sprah, 2009; Pallanti et al., 2013; Potuzak et al., 2012; Simon, 2009). The
variety of psychiatric disorders represented in the large Scottish family carrying a
translocation of the Disrupted In Schizophrenia (DISC-1) gene, and substantial overlap of
genetic vulnerabilities among several psychiatric disorders further weaken clinical
boundaries between psychiatric conditions (Blackwood et al., 2001; Millar et al., 2001;
Millar et al., 2000; Smoller, 2013).

Drug addiction, a condition with frequent comorbidity with other psychiatric disorders
(Barnett et al., 2007; Chand et al., 2014; Conway et al., 2006; Katz et al., 2008; Lasser et al.,
2000; National et al., 2011; Saban et al., 2014; Wisdom et al., 2011) and of particular
interest in the context of investigations on the human brain, is discussed below under
‘Substance Use Disorders”. Several other brain disorders, such as vascular conditions,
Alzheimer’s disease and Parkinson’s disease, may be comorbid particularly in elderly
patients and may represent exclusion criteria in studies focusing on psychiatric disorders.
Systemic illnesses, such as metabolic, cardiovascular, inflammatory conditions are often
associated with psychiatric disorders (e.g. Casey et al., 2011; Ferentinos and Dikeos, 2012;
Lang and Borgwardt, 2013; Mitchell et al., 2013). Growing evidence points at robust
interactions between several of these conditions and disorders such as major depression
(Lang and Borgwardt, 2013) and schizophrenia (Casey et al., 2011; Ferentinos and Dikeos,
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2012; Mitchell et al., 2013). Notably, large numbers of cytokines/growth factors and
hormones involved in systemic conditions also have distinct neural functions, some
currently emerging as potential contributors to the pathophysiology of neurological and
psychiatric disorders. For instance, interleukin 1 and 6, tumor necrosis factor a,
transforming growth factor 1 and brain derived growth factor have been consistently found
to be altered in psychiatric illnesses such as mood disorders and schizophrenia, and
suggested to mediate interactions between these illnesses, inflammation and stress (Barbosa
et al., 2014; Catena-Dell’Osso et al., 2013; Chavarria-Siles et al., 2007; Fineberg and
Ellman, 2013; Hashimoto, 2010; Kim et al., 2004; Poon et al., 2013; Rosenblat et al., 2014).
Several of these cytokines were shown directly affect GABAergic transmission, impacting
GABA A-mediated synaptic strength and dendritic homeostasis (Beattie et al., 2002; Benes,
2010; Stellwagen et al., 2005; Sun et al., 2010; Vezzani et al., 2008; Wang et al., 2000),
pointing to the need to better understand, as well as control for, the relationships between
immune factors and neurotransmission in psychiatric disorders..(Benes, 2010)

Accumulating evidence for these interactions is not only adding to our understanding of
these disorders, but also informing the design of our studies by identifying potential factors
that may impact on outcome variables. A particular instance of comorbidity, relevant to
postmortem studies, is that of disorders leading to the subject’s death. In the majority of
cases, particularly in elderly patients, the cause of death is disease-related (e.g. cancer,
pneumonia), and may involve prolonged agonal states and intensive pharmacological
treatment. Thus, several distinct aspects related to cause of death, such as potential tissue
quality degradation due to hypoxia, exposure to opioids and other agents affecting the CNS,
and the nature of the illness itself, need to be considered with attention, taking also into
account methodologies and outcome measures specific to each study. For instance, if a main
outcome measure of the study is directly or indirectly related to cytokines/growth factors,
molecules that systemically are involved in inflammation and/or autoimmune disorders,
these conditions need to be taken into account, whether they represent the direct cause of
death or even were present during the last months of life. Even suicidality, a sequela of
severe prolonged, unremitting psychiatric disorders, must be considered as a potential
confounding variable. Studies have demonstrated that the brainstem serotonin systems show
replicable abnormalities in suicide patients, regardless of their primary psychiatric diagnosis
(Mann et al., 2001; Mann et al., 1999).

How can studies on human brain, and particularly postmortem investigations, take into
account comorbid illnesses when analyzing data for group effects related to primary
neurological or psychiatric diagnosis? Careful screening of medical records often provides
sufficient information on diagnosis and treatment of comorbid conditions during the course
of the illness and, particularly, before death, although there are obvious limits to the amount
of detailed information available. Data from standard toxicological panels can be used to
assess recent exposure to many of the medications administered during the last period before
death. For instance, it is often the case, that subjects who have succumbed to a malignancy
have been treated with opiates and benzodiazepines to manage pain. In addition to clinical
records and toxicology, postmortem studies can avail themselves of a very powerful tool, a
detailed gross and microscopic neuropathological assessment performed routinely on each
and every brain as part of brain banking procedures. Neuropathological assessment provides
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objective and often quantifiable evidence for a broad range of neurodegenerative disorders,
such as Alzheimer’s disease and other dementias, Huntington’s chorea, Parkinson’s
diseases, tumors, infarctions, vasculopathies and inflammatory conditions. Importantly,
histological evaluations included in the neuropathology reports can detect early signs of
these conditions even when they may be too mild to generate clinical manifestations. Gross
and microscopic evidence from neuropathology is invaluable in assessing comorbidity. We
suggest that its inclusion in stepwise statistical models may be a particularly effective
manner to estimate the potential contribution of co-morbid conditions to pathological
findings.

Finally, tissue indices such as pH and RNA integrity number (RIN) may be used to assess
tissue quality. In particular, RNA expression measurement may be substantially impacted by
prolonged agonal period and/or hypoxia (McCullumsmith and Meador-Woodruff, 2011;
Stan et al., 2006). Notably, protein expression was shown to remain stable even when RNA
was degraded (Stan et al., 2006; Webster, 2006). RIN measurements are believed to be the
most sensitive indicator of RNA quality (Stan et al., 2006), Although, RIN and pH
measurements are typically correlated, a higher pH does not always predict intact RNA, and
several diagnostic groups with significantly lower pH values do not show lower RIN values
(Stan et al., 2006; Webster, 2006). For these reasons, RIN values are increasingly used to
assess tissue quality, and RNA quality in particular. These measures can be used to exclude
cases on the basis of tissue quality, and/or they can be included in statistical models to assess
their potential effects on outcome measures.

SUBSTANCE USE DISORDERS

Substance use disorders, a frequent comorbidity in psychiatric disorders, pose a significant
challenge to human brain studies. Estimates of lifetime prevalence of substance use
disorders in subjects with psychiatric disorders vary broadly from 15 to 50%, largely
depending on the disorder, type of substance, age and length of exposure and geographical
location (Barnett et al., 2007; Chand et al., 2014; Conway et al., 2006; Katz et al., 2008;
Lasser et al., 2000; National et al., 2011; Saban et al., 2014; Wisdom et al., 2011). The
occurrence of drug abuse also varies with socioeconomic factors. Postmortem cases
acquired through medical examiner offices have a much higher incidence than those
obtained through community referrals by family members and medical staff at treatment
facilities. Some studies reported lifetime prevalence of substance use disorders in
individuals with psychosis to be as high as 47% among people with schizophrenia and 60%
among people with bipolar disorder, while it may be lower than 20% in people with anxiety
disorder (Conway et al., 2006; Regier et al., 1990). Meta-analysis studies show somewhat
lower lifetime prevalence estimates of substance use disorders in schizophrenia, with 40% of
people having used drugs at some point in their lives, with a lifetime prevalence of 20% for
alcohol abuse and 27% for cannabis (Koskinen et al., 2009, 2010). Alcohol and cannabis,
together with nicotine, consistently come up as the most commonly abused substances in
subjects with psychiatric illnesses, while estimates on cocaine, amphetamines and opioids
are more variable (Barnett et al., 2007; Green et al., 2004; National et al., 2011; Thoma and
Daum, 2013). Notably, use of these substances varies over the course of the illness.
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Cannabis and class A drugs may be mostly used around the time of the first psychotic
episode, while nicotine and alcohol misuse may be much more long lasting, often spanning a
lifetime (Barnett et al., 2007; Lasser et al., 2000; National et al., 2011; Wisdom et al., 2011).
For instance, cannabis was shown to be most commonly used by younger male patients
(Koskinen et al., 2009, 2010), and reports on substance use at the time of the first psychotic
episode show cannabis abuse between 28 and 50% of patients, alcohol abuse between 21
and 43%, class A drugs approximately 55% (Barnett et al., 2007; Green et al., 2004),
although lower rates have also been reported (Chand et al., 2014). However, approximately
50% of patients with substance abuse became abstinent or drastically decreased drug
consumption following their first psychotic episode, as shown by a meta-analysis including
studies published between 1990 and 2009 (Wisdom et al., 2011). Use of alcohol and nicotine
may, instead, persist. A study on smoking rates showed that people with a psychiatric
condition are almost twice as likely to smoke, and are more likely to be heavier, lifetime
smokers (Lasser et al., 2000). People with anxiety disorders, including phobias, post
traumatic stress disorder etc., major depression, bipolar disorder and personality disorders
were among those most likely to be heavy smokers (Lasser et al., 2000).

The evidence discussed above is mostly based on subjects with psychosis, while less
information is available on other psychiatric disorders. Furthermore, not enough is known
on the pattern of substance use disorders in psychiatric patients during the entire course of
the illness and during older age, specifically, an aspect particularly relevant to human
postmortem studies. Because substance use in people with psychiatric disorders typically
follows the pattern observed in the rest of the population (National et al., 2011), data relative
to substance use disorders in elderly people without psychiatric disorder can provide some
useful hints. In this population, drug abuse was found to involve mostly prescription drugs
(benzodiazepines, opioid analgesics) and legal substances, particularly alcohol (Koechl et
al., 2012). These substances are highly relevant to key aspects of the pathophysiology of
psychiatric disorders, among which we emphasize GABAergic abnormalities. GABA A
receptors interact with a variety of pharmacological and abuse agents, such as
benzodiazepines, for which they have specific binding sites, as well as barbiturates,
neuroactive steroids, anaesthetics and alcohol (Laviolette et al., 2004; Rehni et al., 2013;
Sieghart et al., 2012; Ting and van der Kooy, 2012; Trudell et al., 2014). Abnormalities of
GABA receptors in psychiatric disorders may thus interact with exposure to these drugs,
which may in turn enhance or mask disease-related changes.

Overall, current literature indicates that in approximately 40-50% of people with psychiatric
disorders frequent early exposure to a variety of abused substances, including cannabis,
cocaine and amphetamines, may be followed by alcohol and nicotine misuse and, in elderly
people, prescription drug abuse. It is reasonable to postulate that exposure to these
substances at various stages of the life cycle, i.e. in the months before death or earlier in life,
may contribute to some of the abnormalities detected in the brain of people with psychiatric
disorders. Estimates of drug exposure at these different stages require a combination of
different approaches designed to assess recent and past use (for detailed review see
Lehrmann et al., 2008). Structured next-of-kin interviews and/or questionnaires can be
particularly useful in evaluating use throughout life, and may provide information on alcohol
and nicotine exposure that may otherwise not be obtainable by other approaches. However,
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at times family members may be unable or unwilling to provide this information.
Toxicology assays of amphetamine, barbiturates, benzodiazepines, cannabinoids, cocaine,
opiates and phencyclidine are crucial not only for younger brain donors, who may have been
recently exposed to drugs of abuse, but also in older donors with chronic pain syndromes
and terminal malignancies, often treated with to benzodiazepines and opioids. A thoughtful
approach to toxicology is key to establish recent use. Toxicology of scalp hair, wherever
possible, may be advantageous, as it typically reveals use within the last few months, i.e.
covering longer periods with respect to urine and blood (Lehrmann et al., 2008). Even so,
toxicology screening does not provide information on some commonly used substances, e.g.
nicotine and alcohol, and on substance abuse earlier in life. Information on past use can be
obtained from family interviews/questionnaires, as mentioned above, as well as clinical case
history reviews,. Although this information typically cannot be transformed into quantitative
values, it can be introduced in statistical models using ranking systems (e.g. heavy,
moderate, occasional and no smoker) or simply users versus non-users (e.g. Cobb et al.,
2013; Kunii et al., 2014; Pantazopoulos et al., 2010; Ray et al., 2014). In addition, inclusion
of a psychiatric control group with similar substance use characteristics represents a
powerful study design for assessing specific outcome measures may be affected by drug
exposure (e.g. Markota et al., 2014). Finally, chronic administration of specific drugs of
abuse to experimental animals may be used, particularly if there are strong reasons to
suspect that a key outcome variable may be affected. Although none of these strategies alone
may be sufficient, their combination, customized to each specific study, can provide an
effective assessment of the potential effects of substance abuse.

PHARMACOLOGICAL THERAPY

The large majority of psychiatric patients receives, or has received in the past,
pharmacological treatment extending over many years. Without a doubt, such treatment
impacts on molecular, cellular and morphological neural features, and thus represents a
potential confounding factor in brain imaging and postmortem brain studies of human
subjects. It is important to emphasize that exposure to pharmacological agents may either
induce or mask differences between diagnosis and control groups. The possibility that
pharmacological treatment may conceal brain abnormalities by bringing measured
parameters toward normality is perhaps the more insidious one of the two possibilities, as
the effects of therapeutic drugs can plausibly be conceived of as correcting brain
abnormalities intrinsic to the disorder. Evidence from postmortem studies supports this
possibility. In one such report, a highly significant positive correlation between 65 kDa
glutamic acid decarboxylase (GAD65) immunoreactive terminals and doses of
antipsychotics was observed in the hippocampus of subjects with schizophrenia, with
neuroleptic-free patients showing the lowest numbers of terminals (Todtenkopf and Benes,
1998). In another more recent study testing the expression of the dopamine transporter in the
amygdala, we detected robust decreases in subjects with schizophrenia (Markota et al.,
2014). Numbers of putative terminals expressing dopamine transporter were significantly,
and positively, correlated with lifetime exposure to antipsychotics, which pushed numbers to
these terminals toward normal values. This effect is consistent with the effects of
antipsychotics, as decreases of dopamine transporter in the context of otherwise normal
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densities of dopaminergic fibers implies normal dopamine release but impaired reuptake,
increasing availability of dopamine at the synapse and diffusion in the extrasynaptic space
(Markota et al., 2014).

The need to control for exposure to pharmacological treatment is well recognized in this
field. Several different strategies have been applied to address it, including various
approaches to estimate exposure to distinct drugs, or families of drugs, inclusion in the study
of a psychiatric control group that received similar treatment, and administration to
experimental animals of the same drugs used to treat the disorder under study. Although
each of these strategies presents its own challenges, their combined, rigorous
implementation is critical to result interpretation and the validity of the study.

Estimates of exposure to drugs or families of drugs (e.g. antipsychotics, lithium,
benzodiazepines etc.) for each subject are probably the most common, challenging and
direct approach. In the majority of cases, medical records contain sufficient, at times
extensive, information on pharmacological treatment, and often provide important
information on the patient’s responsivity and adherence to pharmacological treatment
(Pantazopoulos et al., 2010; Roberts et al., 2009). Estimates of drug exposure have to take
into consideration that, in the majority of cases, different drugs and combination of drugs
may have been tried at different points. The majority of subjects included in postmortem
cohorts is typically elderly and has been exposed to long-term treatments with a variety of
therapeutic drugs. Parallel to what discussed in relationship to substance abuse, it is
important to make a distinction between exposure to pharmacological drugs during the last
period before death and chronic, long-term exposure. The two aspects do not always
correlate with each other; for instance, treatment with antipsychotic drugs or lithium
continuously over several decades may be discontinued during the last few months of life.
Arguably, both chronic and recent pharmacological treatment are likely to induce brain
changes, although potentially distinct in nature. Thus, it is essential to assess both
modalities. Typically, doses of pharmacological drugs prescribed during the last 3 to 6
months of life, or exposure at the time of death, are used to assess recent effects of drug
exposure, in some cases in combination with data from toxicology (e.g. Benes et al., 2001;
Cobb et al., 2013; Kunii et al., 2014; McNamara et al., 2008; Pantazopoulos et al., 2010;
Shan et al., 2014). An advantage of this approach is that doses of drugs aimed at treating a
psychiatric disorder are often lower during the last few months before death. In addition,
directed toxicology testing on postmortem tissue has been successfully used to test for acute
antipsychotic use at time of death; in a large cohort of patients with schizophrenia 68% of
the patients were found to be positive for antipsychotic medication (Deep-Soboslay et al.,
2011; Halim et al., 2008).

Estimates of lifetime exposure to various classes of psychotropic and neurotropic drugs, can
be derived from meticulous screening of medical records and converted to estimated daily
mg doses of antipsychotic drugs to the equivalent of chlorpromazine as a standard
comparator (Baldessarini, 2013; Baldessarini and Tarazi, 1995), and reported as lifetime
grams per patient (Markota et al., 2014; Pantazopoulos et al., 2010). Values for some other
therapeutic drugs, such as lithium carbonate and valproic acid, can be reported in a similar
manner (Markota et al., 2014; Pantazopoulos et al., 2010). This approach allows addressing
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the effects of chronic, long-term exposure over periods often spanning several decades. In
this regard non-compliance, particularly among patients with schizophrenia, represents a
particularly insidious problem. For instance, in the course of the Clinical Antipsychotic
Trials of Intervention Effectiveness (CATIE) study, 74% of patients discontinued treatment
before 18 months (Lieberman et al., 2005). Therefore, assessments of drug exposure
calculated on the basis of medical records may overestimate the actual drug intake. Albeit
far from exact, levels of treatment-adherence can be derived from ante mortem clinical
records, and used to adjust estimates of drug exposure (Berretta et al., 2007; Markota et al.,
2014; Pantazopoulos et al., 2007; Pantazopoulos et al., 2010).,

Approaches to estimating lifetime drug exposure, such as those described above and similar
ones adopted by other groups (e.g. Ray et al., 2014), may be particularly valuable in
assessing long term effects of chronic treatments which often last for decades. Significant
effects of lifetime drug exposure have been detected even when the effects of exposure
during the last months of life were not significant (Markota et al., 2014). Similar approaches
have also been effectively used to assess treatment response versus treatment resistance, a
particularly critical aspect in light of efforts to better understand and address drug resistance
(Roberts et al., 2009). However, estimates of drug exposure, particularly in postmortem
studies, are based on approximations. It is thus important to combine them with other
approaches to rigorously assess the potential contribution of therapeutic drugs to a study’s
main findings. When possible, it is useful to include in a study a psychiatric control group
with overlapping pharmacological treatment. A common example is the inclusion of
subjects with schizophrenia and bipolar disorder, which are both treated with antipsychotics
(e.g. Benes et al., 2001; Benes et al., 2003; Heckers et al., 2002; Konradi et al., 2011;
Markota et al., 2014). Although in the past doses of antipsychotics were typically lower in
subjects with bipolar disorder, the medication histories from schizophrenic and bipolar
disorder cases acquired in more recent years have been remarkably similar, with both groups
showing overlapping patterns of polypharmacy. Comparisons between these two groups
help assessing not only the contribution of antipsychotic exposure, but also exposure to
other classes of drugs commonly prescribed for schizophrenia and bipolar disorder,
including mood stabilizers and antidepressants, as well as a specific factors, such as the
potential stressful effects of suffering from a chronic psychiatric disorder.

Administration of pharmacological drugs to experimental animals is also effectively used to
test whether a specific agent may induce, contribute, or be neutral to abnormalities detected
in psychiatric patients (e.g. Konradi et al., 2011; Kunii et al., 2014; Volk et al., 2012). In one
such study, chronic administration of an antipsychotic medication to rodents was found to
significantly increase GABA terminals (Vincent et al., 1994). This latter study supports the
view that decreases of GABA function in schizophrenia may be reversed by antipsychotic
drugs and reflect their potential for therapeutic efficacy. Investigations combining
postmortem studies on human and non-human primates, the latter chronically-treated with
typical and atypical antipsychotics, have been particularly useful in assessing the
contribution of antipsychotics to GABAergic abnormalities in subjects with schizophrenia
(Hashimoto et al., 2008; Morris et al., 2008; Volk et al., 2000; Volk et al., 2012). For
instance, decreased levels of mMRNA for GAD67, parvalbumin, somatostatin and Lhx6 were
detected in the prefrontal cortex of subjects with schizophrenia, but not in monkeys
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chronically treated with antipsychotics (Hashimoto et al., 2008; Morris et al., 2008; Volk et
al., 2000; Volk et al., 2012).

Several important considerations contribute to the design of experimental animal studies,
including specific drugs to be tested (e.g. which typical or atypical antipsychotic), the route,
dose, schedule and length of administration, and experimental animal species tested. These
studies may provide compelling evidence on the potential of therapeutic drugs to induce a
variety of brain changes. Species differences, and the possibility that the pharmacological
effects of a specific drug on a normal brain may not reflect those occurring in a diseased
brain, presenting altered neurochemical and cellular substrates, represent limitations of this
approach.

Conclusions

Over the past 20 years, postmortem studies of human brain have benefitted from continued
improvement of their design, the availability of increasingly powerful cellular and molecular
technologies, and enhanced integration of complementary approaches. Often-quoted
limitations in postmortem studies of human brain obviously exist, which may be
qualitatively, but not quantitatively, different from those inherent to other approaches to the
study of the brain. It is critical to promote an on-going constructive dialogue on these issues,
and to understand that these limitations can be addressed effectively by carefully designing
studies, so that their influence on the data is well understood and carefully controlled.
Potential confounding effects can never be completely eliminated from empiric
investigations of human disease. Postmortem and brain imaging studies of human brain will
continue to evolve strategies for assessing confounding effects, so that the study of
psychiatric disorders may continue to move toward the ultimate goal of understanding their
underlying cellular and molecular pathophysiology.
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