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SOMATOSTATIN NEURONS IN PREFRONTAL CORTICAL MICROCIRCUITS IN
SCHIZOPHRENIA

Samuel James Dienel, Ph.D.

University of Pittsburgh, 2022

Certain cognitive functions, including working memory, are impaired in individuals with
schizophrenia. These cognitive impairments are key predictors of functional outcomes in this
patient population, but there are no available therapeutic options to ameliorate these impairments.
Only postmortem studies of the brain can reveal alterations in the cortical circuitry in
schizophrenia that could underlie these cognitive disturbances and inform therapeutic intervention.
Proper working memory function requires robust resistance to distracting information, and it
appears that working memory deficits in schizophrenia reflect, at least in part, heightened
susceptibility to distractors. The capacity for working memory generally, and especially for
filtering out distracting information, is heavily dependent on activity in the dorsolateral prefrontal
cortex (DLPFC). Convergent lines of evidence suggest that within the DLPFC, dendritic
inhibition, provided from GABA neurons expressing the neuropeptide somatostatin (SST), is
crucial for mediating distractor resistance in the DLPFC. The DLPFC, relative to other cortical
regions, is enriched for SST mRNA, supporting the idea that SST neurons contribute to a
distractor-resistant circuit. In schizophrenia, SST mRNA levels are markedly lower in the DLPFC,
suggesting that impairment of these neurons in the disorder render these individuals more
susceptible to distractors during working memory. Here, this dissertation work elucidates the basis
for these differences in mMRNA levels. In the first chapter, we find that higher SST in the DLPFC

relative to the primary visual cortex reflects a greater proportion of SST neurons in the DLPFC,



rather than SST levels per neuron. In contrast, in the second chapter, we find that deficits in SST
MRNA in the DLPFC of schizophrenia primarily reflect lower gene expression per neuron without
a deficit in neuron density. Finally, in the third chapter, we find that SST neurons exhibit lower
levels of key GABA synthesizing enzymes in schizophrenia, indicating that these neurons have an
impaired capacity to provide inhibition. The results of this dissertation reveal the nature of SST
neuron disturbances in the DLPFC in schizophrenia, inform the putative impact of these alterations
in the context of working memory, and offer insight for novel therapeutic interventions aimed at

ameliorating the cognitive burden in the disorder.
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truth shines ahead as a beacon, showing us the path; we do not ask to attain it,
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—Sir Arthur Eddington

Science and the Unseen World, 1929
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1.0 GENERAL INTRODUCTION

Diseases that afflict the brain often rob us of the most crucial functions that define our
sense of being in the world. The human brain, the most complex organ in the known universe, is
the vehicle by which we effectuate our personhood, interact with others, and solve problems that
seem only within the reach of humans. Whether those problems involve the mundane: planning
your day, carrying out work that contributes to the local or global economy, or integrating oneself
into the social milieu; or the complex: developing massive social structures that organize our
society and define our sense of justice, pushing the boundaries of human knowledge, or
engineering the newest structural, biological, and chemical entities that manipulate the world
around us; all of these depend on the brain. This complexity comes at a cost: like all biological
entities, the brain is subject to disease, disorder, and decay, and these processes incapacitate our
ability to participate in all the activities that define the human condition.

This thesis focuses on one such brain disorder, schizophrenia. Schizophrenia is a global
scourge that annually robs approximately one million new people worldwide of some of the key
functions that are emergent properties of the human brain. Individuals diagnosed with
schizophrenia experience a wide range of impairments in key aspects of reality testing, mood
regulation, and cognition. In the following sections, | describe the burden of schizophrenia,
illuminated by epidemiological findings, the contribution of cognitive dysfunction to that burden,
and the specific types of cognition that have been studied in detail and appear particularly disturbed

in schizophrenia.



1.1 OVERVIEW OF SCHIZOPHRENIA

The presenting signs and symptoms of schizophrenia typically emerge during the second
and third decades of life; the zenith of vitality and excitement for the future for many individuals.
In a stereotyped disease course of schizophrenia, a person will themselves present or be taken by
family members, friends, or law enforcement to a psychiatric hospital with a range of abnormal
behavior, including endorsement of hallucinations or delusions and a range of disorganized
thinking or behavior (Marder & Cannon, 2019). This period, considered the active phase of the
disease course of schizophrenia, is the most striking aspect of schizophrenia and is the basis for
clinical presentation. Here, | provide an overview of schizophrenia with special attention to the
burden of the disorder at societal and individual levels, the epidemiology and etiology of the
disorder, as well as the clinical features and currently available therapeutic interventions (Marder
& Cannon, 2019). While these averages attempt to capture the general aspects of the disorder,
individuals with schizophrenia are not a monolith; there is wide heterogeneity in symptom severity
and level of functioning, as would be expected from the underlying heterogeneity in human hosts

in which the disease process takes place.

1.1.1 Burden of schizophrenia

The burden of schizophrenia is heavy and endured by millions of people in the US and
worldwide, as well as their family members and caregivers (Szkultecka-Debek et al., 2016). The
burden endured by those with schizophrenia include difficulty maintaining gainful employment
(Evensen et al., 2016), self-care (Holmberg & Kane, 1999), or personal relationships (Ritsher et

al., 2003). Estimates of the lifetime prevalence of schizophrenia are generally just under 1% of the



world population and is consistently ranked as one of the top causes of years of life lived with
disability (James et al., 2018; Chong et al., 2016). There are many indices that substantiate this
claim: the estimated cost of schizophrenia in the United States alone have significantly increased
over the past 20 years: from $62.7 billion in 2002 (Wu et al., 2005), to $155.7 billion in 2013
(Cloutier et al., 2016), and has most recently been estimated at $330.6 billion in 2019 (Kadakia et
al., 2022a). These costs reflect direct and indirect medical expenditures as well as years of lost
productivity (Evensen et al., 2016; Chong et al., 2016).

Reduced life expectancy is perhaps the most illuminating feature for understanding the
burden of schizophrenia. Indeed, persons with schizophrenia live 1-3 decades shorter than those
without a major mental disorder: a burden that has been equated to heavy smoking (Chesney et al.,
2014). In fact, the prevalence of smoking is substantially higher among persons with schizophrenia
relative to other psychiatric disorders or the unaffected population (Diwan et al., 1998; Goff et al.,
1992), contributing to higher mortality from pulmonary and cardiovascular disease (Olfson et al.,
2015). Further contributing to this number is the heightened incidence of comorbid substance and
alcohol use disorders, both further adding to measures of all-cause mortality (Olfson et al., 2015).
Finally, individuals with schizophrenia are more likely to attempt (20% of those with
schizophrenia) or complete (5% of those with schizophrenia) suicide (Hawton et al., 2005; Hor &
Taylor, 2010). Together, these numbers reflect the reality of the human cost beyond the financials
of the burden that schizophrenia has on individuals, their family members, and society.

During their life, individuals with schizophrenia are also more likely to endure many other
challenges as a consequence of this mental disorder. For example, although schizophrenia is
estimated to affect under 1% of the US population, the prevalence of schizophrenia among

unhoused persons is strikingly higher (13.7% across individuals carrying a diagnosis of



schizophrenia or schizoaffective disorder; (Ayano et al., 2019)). In addition, individuals diagnosed
with schizophrenia endure repeated and unrelenting stigmatization in society (Ritsher et al., 2003).
One example of the stigma is the perception that individuals with schizophrenia, and indeed
broadly those with a mental disorder, are more prone to exhibit violent behavior towards others,
especially strangers. On the contrary, the convergence of findings from criminology suggests that
persons with schizophrenia are no more likely to commit acts of violence than the psychiatrically
unaffected population when compared in the same neighborhoods and localities (Wehring &
Carpenter, 2011). Many of these studies point to the fact that there are likely underlying
demographic (male sex, young) and societal factors (poverty, etc.) that are significantly better
predictors for violent behavior than a diagnosis of schizophrenia (Appelbaum et al., 2000;
Monahan, 2002; Steadman et al., 2015; Elbogen & Johnson, 2009). On the contrary, individuals
with schizophrenia appear to be much more likely to be victims of violent crime than their
psychiatrically unaffected counterparts (Maniglio, 2009; Teplin et al., 2005), although not all

studies show evidence of this, and findings might vary by country (Sariaslan et al., 2020).

1.1.2 Epidemiology and etiology of schizophrenia

Schizophrenia is estimated to affect 0.25-0.75% of the population (Charlson et al., 2018;
Lewis & Lieberman, 2000; McGrath et al., 2008). The disease course for schizophrenia is typically
divided into three stages: prodromal, active, and residual phases. The prodromal phase can occur
over the course of years and is characterized by subtle changes in behavior, social withdrawal, and
impairments in work and school. The active phase is typically the clinically presenting phase, with
the emergence of the diagnostic psychotic features of the disorder that onset between the late teen
years and mid-30’s. The residual phase is defined as the phase that might also be associated with

4



some ‘remittance’ of symptoms, with occasional re-emergence of psychotic symptoms. In the
following section, | describe the epidemiological features of schizophrenia and some of the

proposed etiological and risk factors associated with the disorder.

1.1.2.1 Sex and race differences in schizophrenia: a re-examination of dogma

Historically, schizophrenia has been reported to be more prevalent in males than females
with a ratio estimated at 1.4:1, respectively (Aleman et al., 2003; McGrath et al., 2008). Recently,
however, there are challenges to this dogma, with new findings that there are no differences in
prevalence between sexes (Charlson et al., 2018; Saha et al., 2005). Moreover, the reported sex
differences vary depending on diagnostic criteria used: diagnoses based on the Diagnostic and
Statistical Manual of Mental Disorders (DSM) are more likely to result in a heightened male:
female ratio of schizophrenia compared to diagnoses made based on the International
Classification of Diseases (ICD)-9 (Beauchamp & Gagnon, 2004). However, it does seem clear
that males and females have distinct disease courses: males are diagnosed earlier (early 20’s)
relative to females (late 20’s/early 30’s) and tend to have worse functional outcomes (i.e.,
employment, marital status, or housing) compared to females (Sommer et al., 2020; Cotton et al.,
2009; Hanlon et al., 2017).

Schizophrenia has been diagnosed across cultures, societies, and eras, but some culturally
specific elements might be evident. For example, the content of delusions, including the perception
of their prosecutorial and violatory nature, vary across cultures (Luhrmann et al., 2015; Luhrmann
et al., 2021; Campbell et al., 2017). Moreover, the functional outcomes of individuals with
schizophrenia might vary by cultures and societies, possibly reflecting of differences in the social
support across government systems (Harvey et al., 2009) and localities (Marwaha et al., 2007). In

1986, a World Health Organization (WHQO) collaborative study put forward the provocative
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finding that persons with schizophrenia living in ‘developing’ nations exhibit better course and
outcomes compared to those in ‘developed’ nations (Sartorius et al., 1986), a pattern that held in a
reanalysis almost two decades later (Hopper & Wanderling, 2000). This distinction has been called
into question (Patel et al., 2006b; Burns, 2009; Kulhara et al., 2009), both because of the
imprecision in defining countries based on these terms and the more likely scenario that these
terms simply capture a significant portion of unexplained variance that was not accounted for in
these studies (Cohen et al., 2007).

One example of a contributory factor to cultural differences in the outcome of
schizophrenia can be attributable to stigmatization across cultures. For example, in China, the
concept of ‘face’ is the moral lodging of one’s status in community and is contingent on the
interpersonal relationships in that community. Given the perception that individuals with
schizophrenia act dangerously and unpredictably, those individuals are not viewed as fully
participatory in social life, leading to the internalization of stigma (Yang & Kleinman, 2008). The
disruption introduced by schizophrenia to this moral lodging introduces deep internalization of
stigma by those diagnosed with schizophrenia and their caregivers (Wong et al., 2018b). This
stigma is tied directly to certain functional outcomes, such as employment (Sum et al., 2021).
Thus, differences in the internalization of stigma are just one example of an unexplained variable
that could contribute to differences in outcomes in schizophrenia across countries. Importantly for
this example, the negative impact of stigma has motivated efforts to introduce new terminology
for schizophrenia in Asian cultures (Sartorius et al., 2014) and elsewhere (Brown, 2021).

Issues of race, ethnicity, and ancestry with regard to a diagnosis of schizophrenia are
complex and interwoven with societal and cultural structures (Harnett & Ressler, 2021; Neighbors

etal., 1989). It has been historically thought, perhaps emanating from a premature but widely cited



conclusion of the WHO collaborative study in 1986, that “schizophrenic (sic) illnesses occur with
comparable frequency in different populations,” (Sartorius et al., 1986). This quote has contributed
to the myth that schizophrenia is an ‘egalitarian disorder’ (McGrath, 2005b; McGrath, 2005a).
More recently, however, it has become clear that Black Americans are estimated as being 2.4 — 4
times more likely than White Americans to be diagnosed with schizophrenia (Olbert et al., 2018;
Bresnahan et al., 2007; Schwartz, 2014; ). Some of these racial differences might be attributable
to the racial discrepancies, as a function of structural racism, in the exposure to certain risk factors
that increase the likelihood for schizophrenia. These risk factors include trauma and stress during
pre- and perinatal periods of pregnancy, among others (Anglin et al., 2021).

In addition, these differences appear to reflect, at least in part, biases intrinsic to the
clinician-patient interaction and do not seem clearly attributable to heightened genetic risk
reflecting ancestry differences in Black and White individuals (Calkins et al., 2010; Wiener et al.,
2009). For example, after interviews, clinician-perceived honesty, which was lower in Black
compared to White patients, partly mediated the racial differences in a diagnosis of schizophrenia
(Eack et al., 2012). Additionally, similar to the United States, Black persons in England (where
Black persons constitute a racial minority) are more likely to be diagnosed with schizophrenia
related to White persons (Kirkbride et al., 2012; Halvorsrud et al., 2019), but this might not be true
in places where Black persons are not part of the racial minority (Schwartz, 2014). Finally, while
psychotic symptoms are more likely to be diagnosed in Black Americans, concurrent mood
symptoms in Black Americans are less likely to be diagnosed relative to their White counterparts
(Gara et al., 2019). An example of this phenomenon comes from one study that systematized the
presentation of patients with and without racial cues in the prompts. The authors found, consistent

with the clinical literature, that psychiatrists assessed psychosis as the first-rank symptom in Black



Americans more frequently than mood symptoms when racial cues were included in the
transcripts, but equivalently when the clinicians were blind to racial cues (Strakowski et al., 2003).

Finally, it is worth noting that racism in psychiatric diagnoses, especially in the diagnosis
of ‘insanity’ and schizophrenia, is deeply rooted in the ignominious past of this Nation’s history.
To provide two brief examples spanning 100 years of our country’s short history, Dr. Samuel
Carthwright, in the antebellum South in the 1850’s, formed the pseudoscientific basis for
psychiatric disorders such as ‘drapetomania’, or the insanity ascribed to Black slaves for running
away from the plantation (Willoughby, 2018). In the Civil Rights era of the 1960’s and 70’s, the
perception that those with paranoid schizophrenia exhibited ‘hostile’ and ‘aggressive’ behavior is
embedded in the text of the second edition of the Diagnostic and Statistical Manual of Mental
Disorders (published in 1968). This provided the professional justification for the institutional of
Black male Civil Rights activists during this era and led to psychiatrists coining terms like “protest
psychosis”, coupling delusions and hallucinations with a rejection of ‘white values’ and ‘civil
society’ (Metzl, 2010). Thus, a careful examination of present-day social and structural influences

is required in our perception of mental disorders.

1.1.2.2 Etiology of schizophrenia

Risk factors for schizophrenia are well-established to consist of both genetic and
environmental causes (Marder & Cannon, 2019; Torrey & Yolken, 2019). The genetic risk
architecture for schizophrenia is complex and includes small contributions from many common
polygenic variants (Psychiatric Genomics Consortium, 2009; Psychiatric Genomics Consortium,
2018; Fromer et al., 2014; Trubetskoy et al., 2022) , copy number variants (Marshall et al., 2017;
Pocklington et al., 2015; Singh et al., 2017; Purcell et al., 2014), the latter which might be

specifically associated with poorer cognition in schizophrenia (Hubbard et al., 2021). However,
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schizophrenia is not a fully heritable disorder, and certain environmental risk factors appear to
interact with the genetic risk to lead to the emergence of schizophrenia.

Some of the environmental risk factors for the later emergence of schizophrenia appear to
be prevalent as early as gestation, with maternal immune insults in utero (Estes & McAllister,
2016; Kepinska et al., 2020) and obstetric complications (Lewis & Murray, 1987) being associated
with schizophrenia risk. The finding of increased risk of schizophrenia as a consequence of
maternal immune activation draws attention to the yet-unknown risk of the ongoing COVID-19
pandemic for the offspring of mothers during this period. Other oft-cited environmental risk factors
for the emergence of schizophrenia include childhood trauma, urbanicity, minority group position,
and cannabis use during adolescence (Marder & Cannon, 2019; van Os et al., 2010), with early
and heavy adolescent cannabis use being very strongly associated with later psychosis risk
(Albaugh et al., 2021; Curran et al., 2016; Marconi et al., 2016; Murray et al., 2017; Gage et al.,

2016).

1.1.3 Clinical features and treatment paradigms for schizophrenia

Clinically, schizophrenia is diagnosed based on a set of signs and symptoms that have been
grouped into three dimensions (American Psychiatric Association, 2022; Andreasen, 1995; Marder
& Cannon, 2019): the psychosis dimension, the negative dimension, and the disorganization
dimension. Symptoms within the psychosis domain include perceptual disturbances like
hallucinations and delusions. Delusions, or fixed, false beliefs that persist in the face of
contradictory evidence, are present in the vast majority of individuals diagnosed with
schizophrenia and frequently assume a persecutory nature (Andreasen, 1987). Hallucinations, or

sensory perceptions in the absence of external stimulation, can occur across sensory modalities but
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are most frequently auditory in nature, occurring in ~75% of patients (Andreasen, 1987). The
negative symptoms, a broad term that encompasses the concept of absence of normal brain
functions, include diminished emotional expression and avolition (Black & Andreasen, 2014), as
well as alogia and anhedonia. Together, these symptoms indicate that those with schizophrenia do
not exhibit the range of emotional expression (for positive or negative experiences), goal-directed
behavior, or spontaneous speech.

Another dimension of schizophrenia is known as the disorganization dimension, or formal
thought disorders, encompassing the range of possible disorganized speech or behavior seen in
these patients. Most often, these manifest as loose associations (switching from one topic to
another) or tangentiality (unrelated responses to questions). Infrequently, disorganized thought and
speech can manifest in such a manner that it manifests as aphasias observed in Wernicke’s aphasia
(generating ‘word salads’) (American Psychiatric Association, 2022). Other forms of formal
thought disorder can include perseveration, distractibility, clanging (use of words together based
on sound, not association), neologisms (new words), echolalia (meaningless repetition of
another’s’” words), and blocking (interruption of speech in the middle without explanation, as if
there was some internal interruption).

Finally, the cognitive symptoms refer to the constellation of impairments in certain
executive functions (Kerns et al., 2008), including selective attention, working memory, episodic
memory, and language comprehension. One interpretation of the constellation of altered executive
functions is a generalized deficit in a concept known as cognitive control (Lesh et al., 2011), or
the ability to use contextual information to guide behavior in the face of habitual (or prepotent)

responding (Barch et al., 2008). Cognitive control and working memory are closely related
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constructs, and cognitive control requires the maintenance of contextual information held in
working memory (Smucny et al., 2022).

Among the constellation of symptoms and signs described above, the following are
required for clinical diagnosis: A. Two or more of the following: delusions, hallucinations,
disorganized speech, grossly disorganized or catatonic behavior, and negative symptoms, and at
least one has to include delusions, hallucinations, or disorganized speech. B. Level of functioning
in major areas of work, relationships, or self-care is markedly below the level achieved prior to the
onset of the disease. C. Continuous signs of the disturbances for >6 months. Further, the diagnosis
cannot be attributable to other conditions (i.e., substance induced psychoses), and the distinction
between schizophrenia and schizoaffective disorder (meeting criteria for schizophrenia with a
concurrent major mood episode, either depressive or manic).

Notably, none of these diagnostic criteria require the presence of cognitive dysfunction.
However, the concept of cognitive dysfunction as the core feature of the disorder is strongly
supported by the clinical literature (Kahn & Keefe, 2013). Additionally, nearly all treatment
paradigms focus on the (often successful) treatment of psychotic symptoms using antipsychotic
medications. However, none of the available antipsychotic therapies appear to ameliorate cognitive
disturbances in schizophrenia (Keefe et al., 2007; Mishara & Goldberg, 2004). Thus, treatment of

the cognitive symptoms in schizophrenia remains a major unmet need.

1.2 COGNITIVE DYSFUNCTION IS A CORE FEATURE OF SCHIZOPHRENIA

Since the very first descriptions of schizophrenia, cognitive impairments have been

observed to be a core feature of the disorder. Emil Kraepelin, a German psychiatrist who, during
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the late 19™ and early 20™ century, first described dementia praecox, or precocious dementia.
Hagiographies have been written lauding Kraepelin’s importance (Ebert & Bar, 2010) in
developing the notion that certain psychiatric disorders can be grouped into symptom clusters,
rather than singular symptoms—a concept that continues to pervade our modern conception of
psychiatric diagnoses and as defined by the DSM. Diagnostic distinctions between dementia
praecox, which Eugen Bleuler later updated and relabeled as schizophrenia, from manic-
depressive insanity, known now as bipolar disorder, was “by far the most important, [...] yet at
the same time also the most difficult,” (Kraepelin, 1921). Although Kraepelin describes multiple
distinctions between these two disorders, one of the key distinctions is related to conversation: “In
dementia praecox again conversation is frequently altogether senseless and incoherent in spite of
very slight excitement, while even in the most violent raving mania we seldom quite lose an at
least approximate understanding of the manic train of thought.” (Kraepelin, 1921). Further,
Kraepelin distinguished dementia praecox from hysteria (an antiquated term with no clear modern
equivalent) as follows: “In hysteria whole regions of the psychic life may temporarily be forced
out of connection with consciousness; but they still go on working approximately as at other times,
something like separated choirs. In dementia praecox that connection remains preserved, but the
psychic faculties lose their mutual inner contact like an orchestra without a conductor,” (Kraepelin,
1921). Indeed, the cognitive dysfunctions observed in schizophrenia are as central to the disorder
as a conductor is to an orchestra.

Bleuler, in support of Kraepelin’s observations, also theorized that in schizophrenia, the
“loosening of continuity in associations” was a fundamental symptom, while delusions and
hallucinations were accessory symptoms (Bleuler, 1950; Green & Harvey, 2014). Additionally,

Bleuler also noted that “the peculiar intellectual characteristics often induce the comrades of these
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candidates for schizophrenia to regard them as ‘crazy’ at a rather early stage,” (Bleuler, 1950).
Indeed, cognitive symptoms in schizophrenia frequently precede the onset of psychosis by a
decade (Bora & Murray, 2014)—evidenced by lower 1Q and reduced scholastic performance in
school in those who go on to develop schizophrenia (Reichenberg et al., 2010; Gur et al., 2014;
Jonas et al., 2022; ). The few longitudinal studies suggest that this deficit is evident as early as age
13 and continues to decline through the adolescent years in those who later present with
schizophrenia (Reichenberg et al., 2010; MacCabe et al., 2013). Indeed, cognitive impairments are
evident in individuals with their first episode of psychosis and appear to be, generally speaking,
relatively stable of the course of the disorder (Reichenberg et al., 2010; Zanelli et al., 2022;
Niendam et al., 2018; Mollon et al., 2018).

It might be most appropriate to think about the cognitive dysfunction in persons with
schizophrenia from a framework of the deviation from expectations with or without a diagnosis of
schizophrenia. Of course, the answer to this question cannot be known for certain, as nature
provides no opportunity to test the direct effect of schizophrenia given the same host background.
However, multiple studies indicate that individuals with schizophrenia cognitive underperform
compared to expectations based on family members (Glausier et al., 2020b). For example,
monozygotic twins with schizophrenia perform worse on cognitive tests relative to their unaffected
twin (Goldberg et al., 1990). Moreover, when compared to parental achievement in education and
other neuropsychological indices, approximately half of the unaffected population falls below
expectation (i.e., chance), but 98% of individuals with schizophrenia fall below expectations
(Keefe et al., 2005). Of course, individuals with schizophrenia exhibit significant heterogeneity in

terms of cognitive capacity and functional independence. However, these findings strongly suggest

13



(but cannot prove) that cognitive capacity of a given individual with schizophrenia seems to fall
below what that capacity would have been in the absence of the disease process of schizophrenia.

Finally, the severity of cognitive impairments is a key predictor of functional outcomes in
persons with schizophrenia (Bowie & Harvey, 2006; Bowie et al., 2006; Strassnig et al., 2018;
Green, 1996; Palmer et al., 2002). Patient-centered outcomes, such as the ability to maintain
employment (Gold et al., 2002), living independently, and developing fulfilling social
relationships (Green et al., 2019; Silberstein & Harvey, 2019; Hofer et al., 2005) are all related to
the degree of cognitive impairments. Moreover, the societal economic burden of schizophrenia is
significantly accounted for by the degree of cognitive impairment (Kadakia et al., 2022b).
Together, these separate lines of evidence support the initial observations by Bleuler and
Kraepelin: cognitive dysfunction in schizophrenia is the core feature of the disorder, and treatment

of this dysfunction remains a major unmet need (Gold, 2004; Keefe et al., 2013).

1.2.1 Working memory deficits are a prototypical cognitive impairment in schizophrenia

Among the multiple domains of cognitive skills that are deficient in schizophrenia, working
memory deficits are prototypical of these alterations. Alterations in different domains of cognition
in schizophrenia can be distinguished from one another using batteries of neuropsychological
testing. Working memory, a concept crystallized by Alan Baddeley in the late 20" century
(Baddeley, 1983; Baddeley, 2012), is the ability to maintain and manipulate limited amounts of
information in memory in order to guide thought or behavior. In the model of working memory,
the capacity to manipulate transiently distinguishes it from short-term memory, and the limited
nature of working memory and the ability to clear contents for subsequent tasks place this function
clearly within the domain of cognition rather than association or recall functions (Baddeley, 2012).
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Working memory deficits in schizophrenia were first reported by in 1992 by Park and Holtzman
(Park & Holzman, 1992) and widely replicated since (Aleman et al., 1999; Fleming et al., 1997).
Two meta-analyses of multiple studies of working memory in schizophrenia find that individuals
with the disorder exhibit deficits that are, on average, ~1 standard deviation below the
psychiatrically unaffected population (Forbes et al., 2009; Lee & Park, 2005). These deficits are
evident in a variety of working memory tasks that depend on distinct sensory modalities (i.e.,
vision and hearing); therefore, the most plausible explanation is that a shared neural circuit,
underlying multiple forms of working memory, is affected in schizophrenia (Smucny et al., 2022).
Additionally, these deficits in working memory are independent of differences in 1Q, the duration
of the delay period, and, to a large extent, the duration of illness (Lee & Park, 2005; Forbes et al.,
20009).

These deficits in working memory have been hypothesized to underlie the cognitive
deficits observed in other domains (Johnson et al., 2013). For example, deficits in working memory
in men with schizophrenia were significantly correlated with deficits in a multitude of other
neuropsychological batteries, including memory for objects and faces, executive functions, and
complex sensorimotor function (Silver et al., 2003). These correlations were not observed in
psychiatrically unaffected comparison individuals. One possible interpretation of these differences
is that working memory deficits in schizophrenia are ‘rate-limiting’ and therefore contribute to

deficits in other cognitive tasks.

1.2.2 Multiple subprocesses are involved in working memory

A classical test of visuospatial working memory is the oculomotor delayed response task
(Figure 1). In this task, the research subject learns to focus on a central fixation point. In the
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periphery of that focus point, an object flashes on-screen for a second or so, after which the object
disappears. After some set delay period of a few seconds, the central fixation point disappears,
cuing the participant to make a saccade toward the direction where the point appeared. Successful
completion of the task occurs when the individual makes the visual saccade to the location of the
original object, after which the central fixation point re-appears to start the task anew. During the
task, the individual is required to maintain the location of the object during the delay period—
referred to as maintenance of the information. Afterwards, this information must be cleared from
memory in order to execute the subsequent task which involves a new object location. Importantly,
this task can be tested in both humans and monkeys (Keefe et al., 1995), providing an important
opportunity for translational research.

Working memory tasks can be subdivided into three core component parts: encoding,
maintenance, and retrieval—all of which are required to execute working memory tasks (Jonides
et al., 2008). First, encoding, or the process of bringing the memorandum into mind or focus, has
to occur. Encoding specifically involves the generation of the mental representation of the object
that is to be remembered. Second, that mental representation must stay online during the delay
period of the working memory, when the object is no longer being presented. This fact, although
simple, is perhaps one of the most fascinating aspects of working memory: the idea that the brain
clearly represents something that is no longer present. Third, that information has to be retrieved
at the proper time, in order to send the motor action plan necessary to indicate that the
memorandum has been kept online successfully. During each of these stages, especially during
encoding and maintenance phases, information about the location of the stimulus must be robust
to the effect of intervening distractors (Awh et al., 2006; Lorenc et al., 2021; McNab & Dolan,

2014). Distractors are defined as the presentation of related stimuli that are not required to
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complete the task at hand but do compete for neural resources (Marshall & Bays, 2013; Zanto &
Gazzaley, 2009).

The psychological literature has long suggested that the ability to resist distractors is a core
component of working memory. Individuals in the general population can be separated into high
and low working memory capacity based on their ability to resist distracting stimuli (Vogel et al.,
2005; Minamoto et al., 2010; Conway et al., 2001). Likewise, the likelihood of successful
completion of a working memory task is directly associated with the individual ability to limit
interference from distracting information (Zanto & Gazzaley, 2009). While all components of a
working memory task are required for its successful execution, the ability to reduce the intervening

effects of distracting stimuli is clearly a crucial component of working memory processing.

1.2.3 Schizophrenia likely involves disturbances to multiple components of working

memory, including the ability to filter out distracting information

Attempts to isolate the core component of working memory that is deficient in persons
with schizophrenia could identify the best options for therapeutic intervention. The first evidence
that persons with schizophrenia display specific impairments in the ability to filter out distractor
information come from carefully conducted psychological studies in the 1960’s. One key finding
of these studies is that when comparing the deficit in working memory performance between a
neutral 6-item digit span task and a 6-item digit span task with distractors, individuals with
schizophrenia clearly demonstrated a much larger deficit in performance (Lawson et al., 1967).
Moreover, while both unaffected individuals and those with schizophrenia show deterioration on
working memory tasks when distractors were introduced, those with schizophrenia showed more
rapid deterioration (Oltmanns & Neale, 1975; Oltmanns, 1978).
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While it does not appear that the deficits in working memory in schizophrenia are fully
accounted for by an impaired ability to filter out distractors (Erickson et al., 2014), there are many
lines of evidence to suggest that this contributes in part to the deficit in schizophrenia. For example,
relative to psychiatrically unaffected participants, those with schizophrenia exhibit deficits in
working memory that are exaggerated when distractors are introduced into the task (Silver &
Feldman, 2005). Additionally, like the psychiatrically unaffected population, the ability to filter
out distractor stimuli predicts performance on working memory tasks in schizophrenia (Mayer et
al., 2012). In general, relative to the unaffected population, persons with schizophrenia appear to
be less resilient to the effect of intervening distractors (Starc et al., 2017; Murray et al., 2014b;
Hahn et al., 2010; Guimond et al., 2018; Gold et al., 2020).

Not all evidence clearly points to an impaired ability to resist distractors in working
memory in persons with schizophrenia (Luck et al., 2019b). One research group has put forward a
“hyperfocusing” hypothesis (Luck et al., 2019a), based on findings that in some tests, individuals
with schizophrenia exhibit an intense and narrow focusing of processing resources during
cognitive tasks, like working memory. This intense focus is still predicted to be detrimental to
cognitive function generally, as it does not permit task flexibility required in both real-world
circumstances and neuropsychological testing (Luck et al., 2019a). This notion of hyperfocusing
was even observed by Kraepelin a century ago: “With this loss of capacity to follow a lead is
connected to a certain unsteadiness of attention; the patients digress, do not stick to the point, let
their thoughts wander without voluntary control in the most varied directions. On the other hand,
the attention is often rigidly fixed for a long time, so that patients stare at the same point, or the
same object, continue the same line of thought, or do not let themselves be interrupted in some

definite piece of work,” ((Kraepelin, 1921), p. 6). Interestingly, Hahn, Luck, and Gold posit that
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both hyperfocusing and impaired ability to filter out distractors are operative in schizophrenia in
different contexts. Specifically, attentional control is diminished when there is significant
challenge to that control by requiring identification of lower salience stimuli but enhanced when
attention is the least challenged and individuals are required to identify the higher salience target
(Hahn et al., 2021). While further dissection of these complex cognitive processes is required, it
seems clear that the ability to resist distracting stimuli in schizophrenia is altered, and this partly

contributes to the overall deficit in working memory.

1.3 ROLE OF THE DORSOLATERAL PREFRONTAL CORTEX IN WORKING

MEMORY

Working memory function has been extensively studied because of the translatability
between laboratory tasks testing these functions in both non-human primates and humans (without
and without schizophrenia) (Keefe et al., 1995). Much has been elucidated about the neural
substrate of working memory over the past century, and these methodologically diverse studies
clearly converge on the key role of the dorsolateral prefrontal cortex (DLPFC) in mediating

working memory.

1.3.1 Evidence for the role of the DLPFC in working memory

The first investigations into the neuropsychological consequences of frontal lobe lesions in
humans provided early clues as to its role in working memory. An early detailed investigation into

Patient A, on whom neurosurgeon Walter Dandy performed bilateral frontal lobectomies in 1930,
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suggested the role of the frontal lobes in certain cognitive functions. Richard Brickner, a clinical
neurologist, subsequently completed an extraordinarily detailed monograph of clinical
neuropsychological testing and everyday conversations with this patient, offering a detailed, albeit
narrow, insight into the functional deficits endured by individuals without a frontal lobe. However,
other investigators failed to identify specific deficits in other functions after frontal lobectomies
(Hebb, 1945). This reported absence of gross deficits after frontal lobectomies may have
contributed to an erroneous and now-maligned view of using frontal lobotomies (leucotomies) as
a therapeutic strategy for various psychiatric disorders (Boettcher & Menacho, 2017). At the time,
this “riddle of the frontal lobe” (Teuber, 2009) proved difficult to resolve even as multiple
conferences and meetings brought together many who studied individuals without frontal cortices
and noted findings from absolutely no functional deficits to subtle, yet reproducible deficits in
cognition. For his part, Brickner stated that these deficits were “quantitative, not qualitative,” while
also noting that “A can make simple syntheses perfectly well—that is, syntheses composed of only
a few elements. A can even sustain a fairly prolonged conversation, if its elements are sufficiently
simple. But he fails in making complex syntheses,” ((Brickner, 1936), p. 120). Thus, some of the
absence of gross deficits might have reflected the relative simplicity of some neurocognitive tests.

Although studies of human frontal lobectomies offered clues as to the role of the frontal
lobes in synthesizing “complex sets of information,” a deeper understanding of the role of the
frontal lobes in working memory function specifically came from studies of frontal lobectomies in
non-human primates by Carlyle F. Jacobsen. After removal of the frontal lobes, Jacobsen found
these monkeys could no longer remember the location of food hidden under a cup for even 5
seconds, while previously being able to remember for nearly 90 seconds. He concluded: “basic

change associated with lesions of the prefrontal area is the loss of capacity for immediate or for
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recent memory,” (Jacobsen, 1935). Indeed, his 1935 report on the functional deficits of these
primates was prescient in later descriptions of working memory function: “Temporal patterning
fails because the subject can no longer remember a single experience for even a few seconds in the
face of new incoming sensory data. The loss is not unlike [...] organic dementia—an inability to
keep in mind a number of separate elements and at the same time to manipulate them in thought,”
(Jacobsen, 1935). Lesions to other cortical areas, including temporal, parietal, and premotor areas,
failed to reproduce this effect (Jacobsen et al., 1936; Breslaw et al., 1934). These studies provided
the first causal evidence of the role of the prefrontal cortex in mediating working memory function.

Stronger support for the distinct role of the DLPFC, rather than the frontal lobes broadly,
in working memory came decades later through the work of Brenda Milner (Kolb, 2021). Milner,
a neuropsychologist working with Wilder Penfield’s neurosurgical patients, performed extensive
testing on individuals with much more circumscribed lesions of the DLPFC than previously
studied. Strikingly, and unlike the subtle alterations on a variety of tasks for individuals with
frontal lobectomies, she found that these individuals performed significantly worse on the
Wisconsin Card-Sorting task, a task thought to specifically interrogate working memory function.
Importantly, Milner had the opportunity to study these patients before and after their surgery,
finding that these patients performed normally on this task prior to the removal of the DLPFC
(Milner, 1963). This groundbreaking work set the stage to further interrogate the specific role of
the DLPFC in working memory function. More recent reviews of multiple studies of humans with
lesions in various aspects of the frontal lobe due to neurosurgical intervention, cerebrovascular
accidents, or extraneous trauma, confirm these findings and elucidate distinct roles that anatomical
regions of the prefrontal cortex have in subserving different domains of cognitive processing.

(Szczepanski & Knight, 2014; D’Esposito & Postle, 1999).
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Similarly in non-human primates, it was found that the minimal lesion site necessary to
reproduce deficits in working memory were circumscribed to the area surrounding the principal
sulcus (Passingham, 1985; Butters & Pandya, 1969; Butters et al., 1972; Buckley et al., 2009).
Further, it was shown specifically that lesions to the dorsal and ventral bank of the middle third of
the principal sulcus in monkeys introduced deficits that were specific to the introduction of delays
into the task, rather than a generalized deficit on visual processing (Goldman & Rosvold, 1970).
While these lesion studies are crucial for understanding the localized role of regions of the DLPFC
for specific aspects of working memory tasks, lesions are irreversible and may introduce collateral
damage that clouds interpretation. Reversible mechanisms for dampening DLPFC activity, such
as electrical stimulation (Stamm, 1969) or reversible cooling of the cortex (Fuster & Alexander,
1970; Chafee & Goldman-Rakic, 2000) further substantiates the notion that this region of the
DLPFC in primates is necessary for working memory, and, specifically, the ability to maintain
information online during the delay period.

Finally, evidence of functional activation of the DLPFC in humans and monkeys
substantiates lesion studies which first revealed the crucial role of the DLPFC in working memory.
For example, in monkeys performing working memory tasks, 2-deoxy-D-glucose functional
mapping studies (Sokoloff et al., 1977) indicate that there was significantly higher local cerebral
glucose utilization in the DLPFC (and posterior parietal cortex, but not auditory cortex) relative to
monkeys performing control tasks that only depended on associational, and not working, forms of
memory (Friedman & Goldman-Rakic, 1994). In human functional imaging studies with greater
temporal resolution, multiple studies reveal robust working memory-dependent activation of the
DLPFC (D’Esposito et al., 1998; Petrides et al., 1993; Jonides et al., 1993; McCarthy et al., 1996)

and a linear relationship between the number of items held in working memory and the magnitude
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of activation in the DLPFC (Braver et al., 1997; Callicott et al., 1999). Together, the functional
findings coupled with lesion studies converge on the notion that the DLPFC is an indispensable

node in the working memory circuit.

1.3.2 The DLPFC has a critical role in distractor resistance during working memory

These early studies of frontal lobectomies and DLPFC lesions in humans and primates also
provide the first clues into the specific role that the DLPFC has in filtering out intervening
distractors during working memory. Even in the earliest studies of frontal lobectomies in
neurosurgical patients, Brickner noted that “One of the most frequently described symptoms, in
cases of frontal lobe injury, is difficulty in fixing the attention, or in keeping it fixed.” Note here
the similarity in description to patients with schizophrenia by Kraepelin: “It is quite common for
them to lose both inclination and ability on their own initiative to keep their attention fixed for any
length of time. It is often difficult enough to make them attend at all,” (p. 6, (Kraepelin, 1921)).
Robert Malmo, performing similar frontal lobectomies in non-human primates as Jacobsen,
controlled the amount of extraneous information in the setting where these animals were
performing tasks that depended on working memory. Strikingly, the performance on these tasks
dropped dramatically when the lights in the room were on relative to when lights were off. In the
lights-on condition, the animal could perceive multiple extraneous stimuli in the visual field that
were not necessary to complete the working memory task at hand, and the performance on this
task subsequently dropped to chance (Malmo, 1942). As summarized by Malmo: “The difference
between normal and operated monkeys with respect to [delayed response] performance is not one
of presence or absence of the capacity for delayed response, but rather the difference is one of
degree of susceptibility to the interfering effects of extraneous stimuli occurring during the delay
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interval.” Consistent with these findings in monkeys, when individuals with frontal lobe lesions
perform working memory tasks, their impaired performance is further impaired with the
introduction of distractors into the task (Chao & Knight, 1995; Rueckert & Grafman, 1996;
D’Esposito & Postle, 1999; Thompson-Schill et al., 2002). This effect appears specific to lesions
of the frontal, and not temporal, lobes (Smith et al., 1995). Finally, transient inactivation of the
DLPFC, but not the posterior parietal cortex, leads to heightened sensitivity of distractors in
monkeys (Suzuki & Gottlieb, 2013). Together, lesion studies strongly suggest that at least some
of the impairment in working memory tasks might be related to the inability to suppress distracting
information during these tasks.

One framework for thinking about how the DLPFC might provide resistance to distractor
stimuli is to compare how it responds during a working memory task relative to other cortical
regions. For example, during the visuospatial working memory task, the primary visual cortex
(V1), a primary sensory area, must faithfully track the appearance of any stimuli that is present in
the visual field. Neurons in this region respond regardless of the stimuli’s particular relevance to
a given task. Obviously, this is the crucial first step in cognitive processing during the encoding
phase of working memory, and V1 would be expected to encode both relevant and irrelevant
stimuli with equivalent fidelity. However, during a working memory task, neurons within the
DLPFC likely encode the rules necessary to complete the working memory task (i.e., remember
the location of the first stimulus while ignoring the second) (Wallis et al., 2001), and appear to be

insensitive to the effects of intervening distractors (Lennert & Martinez-Trujillo, 2011; Suzuki &
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Gottlieb, 2013; Everling et al., 2002)*. Moreover, the distractor-resistant nature of the DLPFC can
provide top-down control over other cortical regions that prevents responsiveness to task-irrelevant
stimuli (Crowe et al., 2013). In functional imaging studies of humans during a working memory
task, there is increased DLPFC activity when challenged with distractors (Dolcos et al., 2007;
Sakai et al., 2002), and the sustained DLPFC activation corresponds to the filtering of distractors
and successful completion of the task (Sakai et al., 2002). In both studies, the heightened activation
of the DLPFC was not evident in the posterior parietal cortex. Other studies support the idea that
neurons in the DLPFC exhibit limited responses to task-irrelevant distractor stimuli (Rainer et al.,
1998); properties that are not true of neurons in the posterior parietal, motor, or temporal cortices
(Miller etal., 1996; Qi et al., 2010; di Pellegrino & Wise, 1993). One interpretation of these studies
is that the DLPFC, when successfully suppressing the activation related to distractors, leads to

successful execution of the motor plan for the task at hand.

1 The cited studies suggest that activation of the DLPFC is limited during distractor presentation. However, another
study found in a test of numerosity that the primate DLPFC does encode distractor stimuli during their presentation,
but restores target information after the distractor presentation ends, which predicted correct behavioral decision
making (Jacob & Nieder, 2014). Even if the DLPFC does encode some distractors, it is able to resume firing for task-

relevant activity quickly.
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1.4 A DORSOLATERAL PREFRONTAL CORTICAL MICROCIRCUIT MEDIATES

WORKING MEMORY IN PRIMATES

Based on the clear role of the DLPFC in working memory, later elegant studies at the level
of resolution of individual cells reveal the cellular basis for this regional function (Goldman-Rakic,
1995). Specifically, these studies identified neurons that exhibit ‘delay period activity’—that is,
these neurons continue to fire in the absence of ongoing presentation of the stimulus, thus
representing the neural substrate subserving working memory function. This microcircuitry is
thought to consist of neurons within the superficial layers of the DLPFC (layers 2, 3, and 4). The
laminar-specificity of this circuit is supported layer-specific functional magnetic resonance
imaging in humans, demonstrating higher levels of activity in the superficial layers of the DLPFC
during working memory (Finn et al., 2019). In addition, layer-specific recording probes in
monkeys reveals that activity associated with working memory is principally generated in the
superficial layers (Bastos et al., 2018). As described below, DLPFC layer 3 pyramidal neurons and
their interconnected GABA neurons appear to be the neural substrate for working memory in

primates.

1.4.1 Delay-period active cells are pyramidal neurons that predominantly reside in layer 3

The cellular resolution of working memory within the DLPFC, starting with work from the
labs of Joaquin Fuster and Garrett Alexander and later by Patricia Goldman-Rakic, provided the
initial evidence of neurons that were specifically active during working memory. Recordings of
these neurons in the DLPFC during working memory tasks in primates identified those that became

active with stimulus presentation and remained active during the delay interval of working memory
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(Fuster & Alexander, 1971; Funahashi et al., 1989). In the context of a visuospatial working
memory task, neurons that fire selectively with the presentation of a visual stimulus in a specific
orientation relative to the central fixation point are referred to as tuned neurons. These neurons
exhibit selectivity for a given stimulus and begin firing during the presentation of that stimulus but
continue to fire in the absence of ongoing presentation of the stimulus. Additionally, failure to
successfully identify the location of the stimulus during working memory behaviorally is
associated with cessation of the delay-period activity in DLPFC pyramidal neurons. Thus, the
ongoing activity of these neurons during the delay period of working memory tasks appears to
represent the maintenance of the information online.

Morphological evidence further supports the notion that these layer 3 pyramidal neurons
are the neural substrate for working memory in primates. In human and non-human primates, layer
3 pyramidal neurons in the DLPFC have large somal bodies and dendritic arbors. In addition, the
dendritic arbors are covered in dendritic spines, and layer 3 pyramidal neurons in the primate
DLPFC exhibit a much greater spine density relative to layer 3 pyramidal neurons in other cortical
regions (Gonzalez-Burgos et al., 2019; Amatrudo et al., 2012). These differences may be species
specific—across the cortical hierarchy, layer 3 pyramidal neurons in monkeys exhibit markedly
higher spine densities than those in V1, while the spine densities are comparable between layer
2/3 pyramidal neurons in both regions in mice (Gilman et al., 2017). Thus, the large cell bodies
and dendritic arbors of primate DLPFC layer 3 pyramidal neurons appear to be able to support a
wide diversity of synaptic inputs, positioning these neurons as ‘integrative’ neurons, incorporating
inputs locally and from other cortical regions (Elston, 2000).

In addition to being able to integrate multiple synaptic inputs from many cortical and

subcortical areas, excitatory layer 3 pyramidal neurons also form multiple connections locally,
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within the DLPFC at a distance from the cell body and to other brain regions (Barbas, 1986). Layer
3 pyramidal neurons furnish a principal axon that projects through the white matter to other cortical
regions in the working memory network, as well as local axon collaterals that primarily target
dendritic spines of other layer 3 pyramidal neurons (Melchitzky et al., 2001). These axon
collaterals form ‘stripes’ of clusters of interconnected pyramidal neurons, with those clusters
separated from one another by approximately ~200-300 pum (Kritzer & Goldman-Rakic, 1995;
Pucak et al., 1996; Levitt et al., 1993). At a distance from the location of the cell body of a layer 3
pyramidal neuron (i.e., between stripes), these collaterals nearly exclusively target the dendritic
spines of other pyramidal neurons (Melchitzky et al., 2001). Near the location of the cell body,
approximately 50% of these collaterals target other dendritic spines, and the other 50% appear to
target inhibitory GABA neurons. The local axon collaterals formed by layer 3 pyramidal neurons
are thought to form a recurrently excitatory network with other pyramidal neurons in this layer
(Gonzalez-Burgos et al., 2000), and thus be positioned to recurrently and continuously excite each
other to maintain working memory information online in the absence of ongoing stimulus
presentation. This hypothesis is supported by computational models of recurrent excitatory
networks (Compte et al., 2000; Camperi & Wang, 1998). Thus, these neurons are anatomically
and functionally positioned to mediate the recurrent excitation necessary to keep information
online during working memory (Figure 1).

While the available data seem to clearly support a role of layer 3 pyramidal neurons in
mediating working memory, exactly how they perform this function remains a matter of debate.
The initial findings from recordings of pyramidal neurons during working memory seemed to
suggest these neurons persistently fire during the delay period, and this is the neural mechanism

for the maintenance of information online during working memory (Constantinidis et al., 2018).
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Others have suggested that these neurons remain active during the delay period but do not fire
continuously; rather, their activity is periodically ‘refreshed’ during the delay period of working
memory task (Lundquvist et al., 2018). Support for the former hypothesis comes from studies such
as those reviewed above, demonstrating that persistent activity of neurons in the DLPFC is
necessary and sufficient for the maintenance of the memorandum online during the delay period
of working memory (Wang, 2021). Evidence for the latter hypothesis is based on bioenergetic
considerations (it is metabolically expensive for neurons to continuously fire) as well as technical
considerations of averaging spike events across trials, making it appear as those the activity is
persistent even though it might be more sparse on individual trials (Lundqvist et al., 2016; Miller
et al., 2018). Finding a model that explains the totality of neurophysiological observations over
the past 50 years remains ongoing work. Regardless, it seems clear that sustained activity of these

neurons during the delay period of working memory tasks is required to keep the memory online.

1.4.2 Inhibitory GABA neurons in the local DLPFC circuit modulate layer 3 pyramidal

neuron activity

Evidence that pharmacologic antagonism at GABAA receptor in the DLPFC impaired
working memory in (Sawaguchi et al., 1989) first suggested that working memory depended not
only on the excitatory activity of pyramidal neurons but also on their interconnected inhibitory
GABA neurons. Later, GABAA receptor antagonists were shown to disrupt the spatial preference-
related activity of pyramidal neurons tuned for a specific stimulus during working memory, while
also shaping the tuning of other untuned pyramidal neurons (Rao et al., 2000). Additionally,
GABA neurons facilitated the interactions between different groups of neurons that are active at
discrete periods of a working memory task in nonhuman primates, including transitions between
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the presentation of the cue, the delay period, and the response period (Constantinidis et al., 2002).
Moreover, GABA neurons are similarly tuned as their neighboring pyramidal neurons, rather than
simply providing nonspecific modulation of pyramidal neuron activity (Wilson et al., 1994; Rao
etal., 1999) Thus, GABA signaling shapes the tuning of pyramidal neurons necessary for working
memory and facilitates transitions between distinct epochs of the working memory tasks.

GABA neurons in the cerebral cortex can be divided into different subclasses based on
electrophysiological, morphological, and molecular properties. Most frequently, these neurons are
referred to based on distinct molecular markers they express, and these molecular markers,
especially calcium-binding proteins and neuropeptides (Jones & Hendry, 1986; Hendry et al.,
1984) seem to reliably map onto the physiological and morphological properties of those neurons.
With few exceptions, distinct populations of GABA neurons in the primate neocortex tend to
express calcium binding proteins, including parvalbumin (PV), calbindin (CB), and calretinin (CR)
(Condé et al., 1994; Andressen et al., 1993). PV-containing GABA neurons have fast-spiking
physiological properties; that is, these neurons exhibit a nearly constant interval between spikes.
This feature is in contrast to other populations of GABA neurons, which tend to show an adapting
spiking pattern such that with increasing stimulus duration, the interval between spikes gets longer,
possibly reflecting an increasing refractory period. Morphologically, PV neurons can be
subdivided into two main classes: basket cells, whose axons tend to target the soma and proximal
dendrites of pyramidal neurons or other PV basket cells, and chandelier cells, whose axon
terminals form distinctive vertical arrays, termed cartridges, that exclusively target the axon initial
segment of pyramidal neurons. In primates, PV neurons are present in layers 2-6, with the highest
density in deep layer 3 and layer 4 but are not present in layer 1 or the underlying subcortical white

matter.
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The group of non-fast spiking GABA neurons are molecularly heterogenous, but a few
molecular markers appear to capture the vast majority of this diversity. CR-expressing neurons
constitute a large proportion (~50%) of GABA neurons in the primate neocortex (Condé et al.,
1994; Gabbott & Bacon, 1996), and tend to express other neuropeptides such as vasoactive
intestinal peptide (VIP) and cholecystokinin (CCK). Additionally, the primate neocortex also
appears to have a smaller population of cells that express CCK and exhibit a morphology similar
to PV basket cells, but do not express CR or VIP (Curley & Lewis, 2012). CCK basket cells
preferentially appear to target the somas of pyramidal neurons as well as other PV neurons,
positioning them to both inhibit and disinhibit excitatory cells. CR/VIP neurons preferentially
appear to target other GABA neuron populations in the rodent and primate neocortex, positioning
this population of cells to provide disinhibitory control over cortical circuits (Pfeffer et al., 2013;
Meskenaite, 1997). In general, CR/VIP and CCK neurons are enriched in the superficial layers of
the neocortex, especially layers 1-superficial 3.

Finally, a separate population of GABA neurons, constituting approximately ~25% of all
GABA neurons, are defined based on their expression of the neuropeptide somatostatin (SST).
SST neurons classically furnish axons that synapse onto the distal dendrites of pyramidal neurons,
positioning SST neurons to provide an inhibitory ‘gate’ to the excitatory inputs received by
pyramidal neurons at their dendrites (Stokes et al., 2014; Chiu et al., 2013; de Lima & Morrison,
1989; Melchitzky & Lewis, 2008). In the primate DLPFC, SST neurons are present throughout all
layers of the neocortex but are enriched in layers 2-superficial 3, layer 5, and the subcortical white
matter (Lewis et al., 1986). Although both express SST, those in the subcortical white matter are
dramatically different in transcriptome, morphology, and physiology from those in the superficial

gray matter. For example, SST neurons in superficial gray matter frequently express CB, while
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those in the subcortical white matter do not express CB. Moreover, the white matter SST neurons
frequently express strikingly high levels of SST relative to those in the superficial gray matter.
These subcortical white matter neurons also express high levels of other neuropeptides, including
neuropeptide Y (NPY), and tachykinin 1 (TACL). Rather than participating in dendritic inhibition
and microcircuit processing, SST neurons in the subcortical white matter appear to have distinct
roles in sleep homeostasis (Kilduff et al., 2011) and cerebral blood flow (Krawchuk et al., 2020;
Lee et al., 2020; Ruff, 2021). Finally, the majority of GABA neuron axons synapse with their
target locally, and not over long-distances (hence the moniker interneuron so frequently used
interchangeably with GABA neurons); SST neurons in the subcortical white matter appear to be
an exception to this rule. Subcortical white matter neurons tend to form axons that project to other

cortical regions in rodents and primates (Tomioka & Rockland, 2007).

1.4.3 Perisomatic-targeting PV neurons likely synchronize the activity of groups of

pyramidal neurons necessary for the maintenance of working memory

DLPFC PV neurons, especially PV basket cells, have been most extensively studied in the
context of working memory, and their role in this function comes from divergent lines of evidence
using models at multiple levels. At the cellular level, PV basket cells in layer 3-4 receive a robust
complement of excitatory inputs from layer 3 pyramidal neurons: the ~50% of local axon
collaterals of layer 3 pyramidal neurons that form synapses onto GABA-containing dendrites do
so onto PV-expressing dendrites (Melchitzky & Lewis, 2003). Additionally, PV basket cells make
multiple contacts onto the perisomatic region of pyramidal neurons and also provides inputs to
multiple pyramidal cells (Williams et al., 1992). This pattern of innervation enables PV basket
cells to exert strong inhibitory control over large numbers of pyramidal neurons, so that the firing
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of a single PV basket cell transiently silences multiple pyramidal neurons. The synchronous decay
of inhibition over an identical time frame across pyramidal neurons, enabling them to fire in
concert. The coordinated firing of large groups of pyramidal neurons then depolarizes PV basket
cells, providing reciprocal, feedback inhibition. The repetition of synchronized firing creates
oscillatory activity in the DLPFC at gamma frequency (30—80 Hz) (reviewed in (Gonzalez-Burgos
et al., 2015)). Gamma oscillatory activity that is strongly associated with working memory in
humans (Howard et al., 2003; Cho et al., 2006), and nonhuman primate models report that DLPFC
gamma oscillatory activity specifically responsible for working memory is generated in the
superficial layers of the cortex (Bastos et al., 2018) (Figure 1).

Compared to other interneurons, the fast-spiking activity of PV basket cells is most closely
coupled with gamma oscillations. In vitro studies of hippocampal and neocortical organotypic
slices first demonstrated a causal role for PV neurons in the generation of gamma oscillatory
activity (Buzsaki & Wang, 2012; Gulyas et al., 2010). Additionally, a causal role for PV neurons
in the generation of gamma oscillations was shown in vivo in rodent models using optogenetics
(Cardin et al., 2009; Sohal et al., 2009). In addition to the fast-spiking properties of PV basket
cells, the synapses from these neurons are primarily formed onto GABAA receptors enriched in
the ol subunit. These GABAA receptors mediate fast postsynaptic decay kinetics of the inhibitory
postsynaptic potential that is consistent with the frequency of gamma oscillations (Gonzalez-
Burgos et al., 2015; Farrant & Nusser, 2005). Thus, while PV chandelier cells are also fast spiking,
chandelier cell cartridges are mainly formed onto GABAA receptors that predominantly uses a2,
not al, (Farrant & Nusser, 2005) and mediate slow decay kinetics (Woodruff et al., 2010). Thus,

the role of PV chandelier cells in mediating gamma oscillations might be more limited compared

to the basket cell counterparts. Together, these findings suggest that PV basket cells are responsible
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for gamma oscillatory activity in the DLPFC, and this activity, in turn, is necessary for the

mediation of working memory.

1.4.4 Dendritic-targeting SST neurons might play a critical role in mediating distractor

resistance in the DLPFC

Unlike PV cells, SST neurons are distinct in that many SST neurons supply inhibitory
inputs onto pyramidal neuron dendrites, rather than the perisomatic region (de Lima & Morrison,
1989; Melchitzky & Lewis, 2008). Dendritic inhibition has been posited to be critical for distractor
resistance in the DLPFC during working memory (Yang et al., 2016; Wang et al., 2004). It is
important to note that there is a dearth of causal evidence linking a direct role of DLPFC SST
neurons in mediating distractor resistance, especially in primate models. However, given the causal
evidence from rodent models that prefrontal cortical SST neurons have in working memory (Abbas
et al., 2018), it is worth considering their role in the working memory circuit. Here, | hypothesize,
based on computational models put forward by Xiao-Jing Wang and others (Yang et al., 2016;
Wang et al., 2004; Riley & Constantinidis, 2015), that DLPFC SST neurons are crucial mediators
of distractor resistance.

First, the preferential targeting of pyramidal neuron dendrites by SST neurons mediates
disynaptic lateral inhibition between pyramidal neurons (Obermayer et al., 2018; Silberberg &
Markram, 2007; Zilberter et al., 1999). Dendritic inhibition exerts a critical role in the integration
of inputs received by pyramidal neurons and regulates their firing (Bloss et al., 2016; Chiu et al.,
2019; Lovett-Barron et al., 2012; Chiu et al., 2013; Gidon & Segev, 2012). Thus, these neurons
are anatomically positioned to control the firing of pyramidal neurons based on external excitatory

input received at their dendrites.
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Second, it appears that SST neurons have a much higher propensity for firing compared to
other types of interneurons, making them well-suited to provide blanket inhibition to pyramidal
neuron dendrites. In rodent cortex, it has been shown that SST neurons are spontaneously active
at baseline (Gentet et al., 2012; Urban-Ciecko et al., 2015). This spontaneous activity was masked
from prior studies of in vitro slice preparation that utilize artificial cerebrospinal fluid (aCSF) with
arelatively high concentration of magnesium ions, which introduce a persistent block in N-methyl-
D-aspartate (NMDA) receptors. This normally serves to keep slice activity tonically low during
recordings. When brain slices are bathed with aCSF with a magnesium ion concentration closer to
physiologic levels, SST neurons (along with other neurons), are active at baseline (Maffei et al.,
2004; Urban-Ciecko et al., 2015). This network feature of tonically active SST neurons reflects
the finding that individual SST neurons are ‘low-threshold spiking.” Together with a high input
resistance (Zaitsev et al., 2009), the strength of excitation needed to make SST neurons active is
much lower compared to the needed activation of other interneurons.

Third, excitatory synapses onto SST neurons are thought to be highly variable relative to
other interneurons (Campagnola et al., 2022; Urban-Ciecko et al., 2018), possibly reflecting the
asynchronous release of glutamate onto SST neurons (Deng et al., 2020; Mendonga et al., 2022).
Moreover, excitatory inputs onto SST neurons tend to be ‘facilitating’, meaning the postsynaptic
potential evoked by presynaptic glutamate release increases in the presence of ongoing stimulation
(in contrast to fast-spiking cells, which tend to show synaptic depression in response to ongoing
stimulation; (Pala & Petersen, 2015; Reyes et al., 1998; Gonzalez-Burgos et al., 2004; Lu et al.,
2007)). In response to stimulation, SST neurons are considered facilitating or continuous adapting
(Zaitsev et al., 2009). In the presence of ongoing stimulation, continuously adapting cells will

exhibit a progressively extending interspike interval. The nature of their slow adaptation means
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that these neurons can provide tonic inhibition in a more sustained manner relative to some other
interneurons (with the exception of PV neurons, which do not demonstrate any adaptation; (Zaitsev
et al., 2009)). Because these excitatory-to-SST neuron synapses are so variable, they can be tuned
to provide both tonic inhibition at baseline, as well as highly specific inhibition to render the circuit
more resistant to incoming excitatory inputs encoding distractor stimuli.

Finally, the connectivity of SST neurons is quite broad, such that recordings of any
pyramidal and SST neuron within 200 pum of each other reveals a nearly 100% probability of being
synaptically connected (Fino & Yuste, 2011; Karnani et al., 2014). While this feature of
connectivity is also true for PV neurons, there is some evidence that PV neurons are more likely
to form reciprocal connections to the pyramidal neurons that excite them compared to other GABA
neuron types, including SST cells (Yoshimura & Callaway, 2005; Otsuka & Kawaguchi, 2009).

Together, the low-threshold necessary to induce SST neuron firing, coupled with
facilitation of synaptic efficacy from glutamatergic synapses and broad postsynaptic connectivity,
seems to support the idea that these neurons can remain tonically active and provide baseline
inhibition onto pyramidal neuron dendrites. One possibility is that the activation of calretinin (CR)-
expressing GABA neurons, either through neuromodulatory extracortical inputs (i.e., dopamine or
acetylcholine) or from glutamatergic afferents from other cortical regions (Medalla & Barbas,
2009). At least in primate visual cortex, CR neurons make frequent contacts on CB-containing
GABA neurons (DeFelipe et al., 1999), many of which also express SST. Moreover, at least in
rodent, the long-range excitatory corticocortical connections frequently form onto VIP-expressing
cells but rarely onto SST neurons (Naskar et al., 2021). Thus, long-range afferents to the DLPFC
might disinhibit the pyramidal neurons in that region through activation of CR/VIP neurons,

shutting down dendritic inhibition by SST neurons.
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Here, | posit a model such that baseline, tonically active dendritic inhibition mediated by
SST neurons prevents the inputs to DLPFC pyramidal neuron from activating those neurons.
During encoding, these neurons are disinhibited through activation of the CR/VIP population of
GABA neurons, permitting the excitation of DLPFC pyramidal neuron dendrites and the proper
encoding of the information during working memory. The coordinated activity of pyramidal
neurons responsive to a particular working memory memorandum might more strongly activate
SST neurons outside of the microcolumn of similarly tuned pyramidal neurons. The more robust
activation of SST neurons provides stronger dendritic inhibition to pyramidal neurons that would
encode other stimuli that are distractors and not necessary to complete the task at hand (Figure 1).

Interestingly, some neurons recorded in the monkey DLPFC during working memory do
exhibit ‘inverted-tuning’, such that the activity of those neurons is significantly diminished for a
particular stimulus (Wang et al., 2004). In support of the model where SST neurons subserve this
function, the relative proportion of neurons that exhibit this behavior in monkey DLPFC is
consistent with the relative proportion of CB/SST neurons in this region, and there are more
neurons that exhibit this behavior in the DLPFC relative to the posterior parietal cortex (Zhou et
al., 2012), consistent with the pattern of SST expression across the cortical hierarchy (DLPFC >
PPC > primary sensory areas) (Tsubomoto et al., 2019) and might contribute to the distractor-
resistant properties of the DLPFC (Qi et al., 2010). However, it is unclear whether the regional
enrichment in SST expression actually reflects a relatively higher proportion of SST neurons in
this region (in support of the specific role of the DLPFC in distractor resistance) or higher SST
MRNA levels per neuron (2.0). Together, these convergent lines of evidence support the idea that
dendritic inhibition, mediated by SST neurons, has a role in distractor resistance in the DLPFC

during working memory.
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Figure 1. Schematic of primate superficial DLPFC microcircuitry subserving working memory.

A) Phases of an oculomotor delayed response task that requires the subject to respond with an eye saccade towards
the location of the cue and ignore the presence of the distractor during the delay interval. B) Pyramidal neurons tuned
to the cue (green) maintain recurrent excitation among other tuned neurons wtihin the cluster and with other pyramidal
neurons located at a distance that are similarly tuned. Within this column, parvalbumin basket cells (PVVBCs, orange),
which receive excitatory inputs from local pyramidal neurons, provide feedback inhibition that synchronizes the
activity of pyramidal neurons within a column. C) Pyramidal neurons that are activated by the distractor stimulus are
inhibited by feedforward inhibition from somatostatin (SST) neurons (yellow). D) Other pyramidal neurons similarly
tuned to the cue (green) are disinhibited by activity of calretinin (CR) neurons (blue) that preferentially form synapses
onto SST neurons. Filled cells indicate those hypothesized to be active during this stimulus and open cells indicate
those hypothesized to be silenced.
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1.5 IN VIVO STRATEGIES FOR INVESTIGATING DLPFC DYSFUNCTION IN

SCHIZOPHRENIA

One of the strengths of in vivo studies of individuals with schizophrenia are the ability to
directly relate the activity in the DLPFC to certain cognitive tasks, such as working memory. In
the following section, | describe the currently available modalities from the clinical neurosciences

for investigating DLPFC alterations in research participants diagnosed with schizophrenia.

1.5.1 Neuroimaging studies reveal alterations at the regional level in the DLPFC

specifically associated with working memory in persons with schizophrenia

As indicated from functional mapping studies in primates (Friedman & Goldman-Rakic,
1994), activation of the DLPFC during working memory is associated with an upregulation in
glucose utilization by neurons in this region. Concomitantly, cerebral blood flow increases to
match the energetic demands of the neurons in this region during working memory in a process
known as neurovascular coupling. Indeed, functional magnetic resonance imaging (fMRI) studies
clearly find a task-dependent upregulation of cerebral blood flow during working memory in the
DLPFC in humans (Callicott et al., 1999). However, schizophrenia is associated with diminished
upregulation in local blood flow in the DLPFC during working memory (Weinberger et al., 1986;
Carter et al., 1998; Minzenberg et al., 2009; Perlstein et al., 2001), indicative of its dysfunction
during these tasks (Figure 2A). Moreover, functional imaging studies reveal alterations in DLPFC
activation in the context of other executive functioning tasks thought to depend on this region
(Yoon et al., 2008). Thus, functional imaging studies reveal an impaired ability to upregulate

cerebral blood flow in response to working memory tasks. Whether this impairment reflects an
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issue of ‘demand’ (an inability for neurons to fire or synchronize their activity appropriately and
thus require less upregulation in local blood flow) or ‘supply’ (an inability for the mechanisms that
regulate neurovascular coupling to appropriately upregulate cerebral blood flow in response to
demands) remains unclear (see section 5.3.2 for further discussion of this topic).

Functional neuroimaging studies are an indirect assessment of neuronal activity during
tasks such as working memory, and more direct assessment of neuronal firing can be interpreted
from electroencephalographic (EEG) studies of the DLPFC during these tasks. During working
memory tasks, the model posited above suggests that groups of pyramidal neurons that specifically
encode the memoranda online during working memory have coordinated firing rates in synchrony.
The synchrony of this activity can be detected at the scalp using EEG or magnetic
encephalographic recordings (Gonzalez-Burgos et al., 2015). During working memory, these
recordings are called gamma oscillations given their periodic firing at gamma frequency, between
30-80 Hz (Uhlhaas & Singer, 2010). Gamma oscillatory activity is clearly related to working
memory activity in the DLPFC in human and non-human primates: the power of gamma
oscillations increases proportionally in response to the number of items to be maintained in
working memory (Howard et al., 2003; Jensen et al., 2007), and individuals with schizophrenia
show a diminished ability to increase gamma power in response to working memory demands
(Cho et al., 2006; Minzenberg et al., 2010) (Figure 2B, Figure 2C). Moreover, the power of
gamma activation in the DLPFC might specifically encode the number of task-relevant items,
while ignoring the presence of distractors (Roux et al., 2012).

At a neural level, the activity of PV basket cells seems to be most closely linked to the
activity of gamma oscillations. PV firing is both necessary and sufficient to drive gamma

oscillatory activity in cortical circuits (Sohal, 2022), and exhibit the physiological properties and
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synaptic connectivity pattern necessary to mediate fast, synaptic, inhibition required to coordinate
the activity of large groups of pyramidal neurons. Although some studies have linked the activity
of SST neurons to gamma oscillations (Veit et al., 2017), those findings have been challenged on
the basis of the physiological firing properties of SST neurons, which appears to slow to operate
in the high gamma range and is instead sustained at high beta/low gamma frequency (15-30 Hz)
(Chenetal., 2017). Thus, alterations to PV basket cells specifically in the DLPFC of schizophrenia

might underlie gamma oscillatory alterations reported in the disorder (Figure 2D).

1.5.2 In vivo approaches for quantifying alterations in excitatory and inhibitory neuron

function in schizophrenia

Both fMRI and EEG studies of the DLPFC in schizophrenia reveal a basis for its
dysfunction, and specifically tie this dysfunction to activity in working memory. Other in vivo
strategies allow for some interrogation into alterations at the level of excitatory and inhibitory
neurotransmission. One of these approaches, magnetic resonance spectroscopy (MRS), is able to
measure the levels of certain metabolites and neurotransmitters in the functioning cortex, with
regional specificity, offering significant promise for biomarker development (Schoonover et al.,
2020). In MRS, the strength of the magnetic field used in the study directly determines the capacity
to dissociate spectral peaks that are specific to a given metabolite or neurotransmitter (Maddock
& Buonocore, 2012).

Two recent meta-analyses of proton MRS studies using different magnetic field strengths
(ranging from 1.5 Tesla (1.5T) to 7T) reported lower glutamate levels in the medial PFC in
schizophrenia (Merritt et al., 2021; Smucny et al., 2021). The recent convergence on evidence of
lower glutamate levels in the medial PFC in schizophrenia could reflect the higher number of
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quality studies in recent years (Smucny et al., 2021). The development in MRI technology,
particularly the introduction of ultra-high field strength of 7T, offers enhanced spectral resolution
of glutamate (and GABA) from related metabolites (Godlewska et al., 2017). Indeed, a smaller
meta-analysis that only included 7T studies also identified lower glutamate levels in the medial
PFC of schizophrenia (Sydnor & Roalf, 2020). However, it is important to note that these findings
in the medial PFC might not extend to the DLPFC (Kaminski et al., 2021; Smucny et al., 2021).
More studies are necessary to fully elucidate the nature of the disease effect and to dissociate this
effect from other confounders, such as antipsychotic dosing and aging effects (Merritt et al., 2021).

In vivo measurements of cortical GABA using proton MRS have yielded conflicting results
in the prefrontal cortex more broadly in participants with schizophrenia. Two reviews of GABA
levels using proton MRS in schizophrenia failed to find clear evidence of differences in GABA
levels in the prefrontal cortex (Taylor & Tso, 2015; Egerton et al., 2017). To date, the only 7T
MRS study of GABA levels conducted in the prefrontal cortex in schizophrenia reported lower
levels of GABA (Marsman et al., 2014), consistent with 7T findings of lower GABA in the
occipital cortex of those with schizophrenia (Thakkar et al., 2017). Thus, more studies at high
magnetic field strength might reveal evidence consistent with lower levels of GABA in the
prefrontal cortex of individuals with schizophrenia.

Even at higher levels of spectral resolution, MRS studies are limited to assessing total tissue
levels of GABA and glutamate, which includes pools of these molecules involved in metabolism
and synaptic transmission. Thus, the relationship between these studies and GABAergic
neurotransmission in schizophrenia remains unclear. One strategy for overcoming this limitation
comes from the advent of novel chemical ligands for use in positron emission transmission (PET)

imaging studies. For example, measuring the binding of a PET radioligand, [*'C] flumazenil,
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which binds to the benzodiazepine site of GABAA receptors, can selectively measure shifts in
extracellular GABA levels, as higher GABA levels in the synapse enhance the affinity of GABAAa
receptors for binding the radiotracer at this site (Frankle et al., 2012). Antipsychotic-naive patients
with schizophrenia showed a significantly lower tissue distribution volume of ['C] flumazenil
compared to unaffected comparison subjects, and this effect was significant in the dorsolateral
PFC (Frankle et al., 2015). These strategies in vivo suggest that levels of glutamate and GABA
signaling in the prefrontal cortex of persons with schizophrenia might be lower and offer

substantial promise for the development of biomarkers in schizophrenia (Schoonover et al., 2020).
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Figure 2. DLPFC alterations during working memory in schizophrenia at multiple levels of resolution.

A) DLPFC activation associated with cognitive control during the AX Continuous Performance Task in unaffected
comparison individuals (left) and those with schizophrenia (right). Data taken from a previously published sample
(Smucny et al., 2020). B) Frequency-time plots of scalp EEG recordings of prefrontal oscillatory activity during the
delay period of the Preparing to Overcome Prepotency Task. Warmer colors indicate higher oscillatory power and
cooler colors indicate lower power. Note that power in the gamma band (30-80 Hz) is substantially greater in healthy
individuals compared to people with schizophrenia. Adapted from (Cho et al., 2006). C) Schematic representation of
neural network synchrony (coordinated intracellular membrane recordings from pyramidal neurons) at gamma
frequency in the healthy state and the hypothesized loss of this synchrony in schizophrenia. Adapted from (Gonzalez-
Burgos & Lewis, 2008). D) Diagram of local neural circuit in cortical layer 3. In the healthy state, inhibition from PV
basket neurons synchronizes the activity of groups of pyramidal neurons at gamma frequency, but lower levels of both
excitation and inhibition could contribute to impaired synchrony in schizophrenia, as depicted in C. Figure adapted
from (Smucny et al., 2022).
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1.6 POSTMORTEM STUDIES OF THE DLPFC IN SCHIZOPHRENIA PROVIDE
LAMINAR AND CELLULAR RESOLUTION OF ALTERATIONS IN THE DLPFC

MICROCIRCUIT

As described above, the above methods offer invaluable insight into the role that the
DLPFC and certain elements of its circuitry have in mediating working memory function and how
these elements might be disrupted in people with schizophrenia. However, at the present moment,
the only mechanism for the interrogation of these alterations at a cellular level is through the study
of the postmortem human brain. The brain is a tremendously complex system of circuits and cells
and pooling together of the alterations in these cells obscure knowledge about the underlying
cellular dysfunction in the disorder. As one example, we conducted a secondary data analysis of
multiple mRNAs related to excitatory and inhibitory neurotransmission obtained through
postmortem studies in schizophrenia. Here, each of the studies were conducted at multiple levels
of anatomic resolution: first, in total gray matter homogenates where the entirety of the DLPFC
gray matter was homogenized and measured, second in layer-specific homogenates isolated to
layer 3, and third in cell-specific homogenates conducted in layer 3 pyramidal neurons and layer
3 parvalbumin neurons. This analysis revealed that the same transcripts exhibited markedly
different disease effects at these all three levels of resolution in a manner not explained by
difference in cohorts of individuals with schizophrenia nor methodologies employed to study these
transcripts (Dienel et al., 2020). While novel methods employed in humans are able to probe the
DLPFC with laminar resolution (Finn et al., 2019), there are no currently available in vivo
approaches that permit interrogation of cell-specific alterations in the disorder. Here, | review some

of the major findings from postmortem studies of the DLPFC in schizophrenia and different cell
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types appear to be altered in the disorder, with special attention to the layer 3 microcircuit that

studies in non-human primates have specifically implicated in working memory.

1.6.1 Layer 3 pyramidal neuron alterations in the DLPFC of schizophrenia

At this moment, MRS studies of glutamate levels in schizophrenia are unable to determine
the sources of those altered levels at either laminar or cellular levels of resolution. Given evidence
of different roles that pyramidal neurons in different cortical layers could have in working memory,
alterations that are specific to this circuitry in the superficial layers likely contribute to the neural
substrate of altered working memory function in schizophrenia.

Consistent with this conjecture, postmortem studies of the DLPFC in individuals with
schizophrenia have found smaller somal volumes of pyramidal neurons in layer 3 (Pierri et al.,
2001; Rajkowska et al., 1998). Somal volumes are correlated with the size and branching
complexity of the dendritic arbor, and, accordingly, the length and branching complexity of the
dendritic tree of pyramidal neurons in layer 3 of the DLPFC have been shown to be lower in
schizophrenia (Glantz & Lewis, 2000). In addition, schizophrenia is associated with fewer
dendritic spines that stud the dendritic tree of pyramidal neurons (Glantz & Lewis, 2000; Garey et
al., 1998; Konopaske et al., 2014). This deficit appear most pronounced on layer 3 pyramidal
neurons in the DLPFC and is less marked on layer 3 pyramidal neurons in the visual cortex (Glantz
& Lewis, 2000) or on pyramidal neurons in layers 5 and 6 (Kolluri et al., 2005) of the DLPFC.
The combination of fewer dendritic spines and shorter dendritic branches suggests that the total
number of spines, and putatively the number of excitatory inputs, onto layer 3 pyramidal neurons

in the DLPFC is markedly lower in schizophrenia.
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These morphological alterations in layer 3 pyramidal neurons have been suggested to stem
from disturbances in signaling pathways that regulate the actin dynamics essential for dendritic
arbor and spine formation and maintenance (Dienel et al., 2022). In schizophrenia, genetic risk
factors implicate gene products involved in regulating actin dynamic signaling pathways
(Trubetskoy et al., 2022). In postmortem samples of layer 3 pyramidal neurons, individuals with
schizophrenia exhibit lower levels of critical molecules that regulate actin, including the Rho
GTPase CDC42 (Datta et al., 2015), which regulates actin polymerization, and Arp2/3 (Datta et
al., 2017), a major final common pathway for spine actin remodeling (Kim et al., 2013).

A markedly lower complement of excitatory inputs would be predicted to result in
hypoactivity of these neurons, and, accordingly, DLPFC layer 3 pyramidal neurons in
schizophrenia also exhibit marked downregulation of levels of multiple transcripts that are either
activity-dependent (Kimoto et al., 2015) or that regulate mitochondrial function and energy
production (Glausier et al., 2020a; Arion et al., 2015). The latter finding has been interpreted as a
reflection that layer 3 pyramidal neurons have a lower demand for energy production due to
hypoactivity secondary to weaker excitatory drive, rather than a primary impairment in
mitochondria in schizophrenia, for the following reasons (Dienel et al., 2022): 1) genetic studies
have not implicated nuclear genes regulating mitochondrial function as risk factors for
schizophrenia (Fromer et al., 2014; Purcell et al., 2014; Trubetskoy et al., 2022); 2) our cell type-
specific studies in SZ comparing the transcriptome alterations in pyramidal and PV neurons reveal
larger alterations in mitochondrial gene transcript levels in layer 3 pyramidal neurons (Glausier et
al., 2020a; Arion et al., 2015) than in PV basket cells (Enwright lii et al., 2018); and 3) genetic
manipulations that impair mitochondrial function in PV neurons were associated with greater

excitatory inputs onto PV neurons and greater gamma band power , the opposite of the findings in
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schizophrenia (Dienel et al., 2022). Together, these findings converge on the notion that layer 3

pyramidal neurons are hypoactive in schizophrenia (Figure 3A).

1.6.2 Alterations in DLPFC GABA signaling in schizophrenia

Although the resultant hypoactivity of the DLPFC might emerge from overactive inhibitory
neurotransmission in the DLPFC in schizophrenia, the abundance of postmortem studies that
estimate the capacity for GABA neurotransmission, consistent with the interpretation of in vivo
studies in the disorder (Starc et al., 2017), have summarily supported the alternative: that GABA
neurotransmission is weaker in the DLPFC of individuals with schizophrenia. While GABA itself
is rapidly degraded after death and cannot be studied in postmortem studies of schizophrenia, the
strength of GABA neurotransmission is proportional to the availability of GABA in the
presynaptic terminal. In schizophrenia, levels of the mRNA for one of the two enzymes responsible
for GABA synthesis, the 67 kilodalton isoform of glutamic acid decarboxylase 67 (GAD67),
encoded by the GAD1 gene, has been revealed to be lower in total tissue homogenates of the
DLPFC of individuals with schizophrenia in multiple studies (Kimoto et al., 2014; VVawter et al.,
2002; Akbarian et al., 1995; Volk et al., 2000; Woo et al., 2008). Similarly, levels of GAD67
protein are lower in the DLPFC of individuals with schizophrenia (Curley et al., 2011; Guidotti et
al., 2000). At the cellular level, the density of neurons with detectable GAD67 mRNA is 25-35%
lower across cortical layers 2-5, while the remaining GADG67-expressing neurons seem to have
levels that are similar to the matched unaffected comparison individuals. These findings suggest
that different subsets of GABA neurons in the DLPFC of individuals with schizophrenia might be
differentially affected in schizophrenia in terms of their capacity to synthesize GABA, yet it has

remained unclear which GABA neuron subtypes exhibit lower levels of GAD67 mRNA in
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schizophrenia (4.0). The other major isoform of GAD (GADG65), encoded by the GAD2 gene,
exhibits a less obvious pattern of alteration in the DLPFC of individuals with schizophrenia

(Glausier et al., 2015).

1.6.2.1 PV neurons exhibit multiple alterations in the DLPFC of schizophrenia

In the DLPFC of schizophrenia, PV neurons exhibit lower GAD67 mRNA levels such that
~50% of PV-positive neurons lack detectable GAD67 mRNA (Hashimoto et al., 2003).
Furthermore, PV levels per PV neuron are also lower in the DLPFC, and this deficit was clearly
evident in layers 3-4, but not in layer 2 (Hashimoto et al., 2003; Chung et al., 2016b).

Whether lower levels of PV mRNA reflect lower PV mRNA levels per neuron or a deficit
in PV neuron density in schizophrenia has been a matter of debate in the field of postmortem brain
research in schizophrenia (3.0) (Krystal et al., 2003). First, counts of Nissl-labeled cells suggested
that the density of small, round, interneuron-like Nissl-labeled cells were lower in the DLPFC of
those with schizophrenia (Benes et al., 1991). Later, a lower density of PV-immunoreactive
neurons was found in some (Beasley & Reynolds, 1997; Reynolds & Beasley, 2001) but not all
(Woo et al., 1997; Tooney & Chahl, 2004) studies of schizophrenia. The only study to date to
simultaneously quantify PV mRNA levels per neuron and quantify the density of neurons
exhibiting specific labeling for PV mRNA reported lower PV levels per neuron and no difference
in the density of neurons (Hashimoto et al., 2003). However, the effect size for a deficit in PV
neuron density was large even if this difference did not reach statistical significance (Cohen’s d =
0.79). In fact, one meta-analysis of PV neuron alterations in the DLPFC of schizophrenia revealed
by postmortem studies concluded that there was a deficit in PV neuron density without lower gene

expression per neuron (Kaar et al., 2019).
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However, multiple studies (Chung et al., 2016a; Enwright et al., 2016) from our group
reported no difference in the density of PV-immunoreactive neuron density, and one study reported
that the basis for this conclusion was contingent on the level of microscopic resolution used, even
in the same tissue sections (Enwright et al., 2016). These findings supported the idea that PV
neurons were not “lost” in schizophrenia; rather, a disease-related deficit in PV mRNA and protein
expression rendered the most affected neurons difficult to visualize by microscopy.

At the protein level, PV basket cells are clearly altered in the DLPFC of persons with
schizophrenia. PV basket cells exhibit both isoforms of GAD, while PV chandelier cells only
exhibit GAD67 mRNA and protein (Fish et al., 2011; Fish et al., 2018). The axon terminals of PV
basket cells (i.e., those that contain GADG65) exhibit lower levels of GAD67 protein (Fish et al.,
2021; Rocco et al., 2016a) and PV (Glausier et al., 2014), while PV chandelier cells cartridges
appear to have unaltered levels of GADG67 protein (Rocco et al., 2016a). While levels of GAD67
might not be lower in PV chandelier cell inputs, levels of the GABA membrane transporter (GAT1)
appear to be lower in persons with schizophrenia (Woo et al., 1998; Pierri et al., 1999), while levels
for the a2 GABAA receptor subunit postsynaptic to chandelier cell inputs appears to be higher
(Volk et al., 2002). The combination of pre- and postsynaptic changes would appear to strengthen
GABA neurotransmission at PV chandelier cell inputs in schizophrenia, although how these

alterations could contribute to working memory alterations in schizophrenia remain unclear.

1.6.2.2 SST neurons are clearly altered in schizophrenia

In addition to PV neurons, SST neurons are also plainly altered in the DLPFC of
individuals with schizophrenia. The initial findings of lower SST peptide in the brains of
individuals with schizophrenia (Nemeroff et al., 1983; Gabriel et al., 1996) has been more

consistently demonstrated at the level of MRNA in schizophrenia (Hashimoto et al., 2008a; Morris
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et al., 2008; Fung et al., 2010; Volk et al., 2016; Tsubomoto et al., 2019). However, beyond
abundant evidence of lower SST mRNA in the disorder, knowledge about the nature of SST neuron
alterations in schizophrenia remain unclear. For example, the apparent density of SST-expressing
neurons in schizophrenia is 30% lower in the DLPFC, which could reflect markedly lower SST
levels per neuron such that some are rendered undetectable or fewer neurons in the disorder
(Morris et al., 2008) (Error! Reference source not found.). Second, although SST and GADG67 |
evels are correlated in schizophrenia (Morris et al., 2008), GAD67 levels have not been directly
examined within SST neurons in schizophrenia, and the thus the nature of their involvement in
impaired GABA signaling in the DLPFC in the disorder remains unclear (Error! Reference sourcen

ot found.).

1.6.2.3 CR/VIP neuron alterations in schizophrenia are poorly understood

Levels of CR mRNA do not appear to be altered in the DLPFC of people with
schizophrenia (Hashimoto et al., 2003; Fung et al., 2010) and may not exhibit the same alterations
as other interneuron subtypes. In addition to unaffected levels of CR mRNA, levels of CR protein
and the density of CR-immunoreactive axon terminals are similarly unaltered in schizophrenia.
However, VIP mRNA levels, which are frequently co-expressed in these cells, appears to be lower
in schizophrenia (Tsubomoto et al., 2019; Fung et al., 2010). Moreover, no study to date has
directly examined levels of GAD67 within CR/VIP cells in schizophrenia (4.0).

Together, while much is known about how these subtypes of GABA neurons (Figure 3B)
are altered in schizophrenia, clearly fundamental questions remain about the nature and cell type-
specificity of those alterations, especially with regard to SST neuron alterations. Aside from
strongly supported evidence of lower SST in the disorder, no other cell type-specific alterations in

this subtype are clearly identified.

51



A. Glutamate Neuron Findings in Schizophrenia
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Figure 3. Schematic summary
of alterations in superficial
DLPFC microcircuit in

schizophrenia.

A) Alterations in glutamate-containing
pyramidal  neurons  (green) in
schizophrenia. Here, we specifically
focus on the alterations observed in
layer 3 pyramidal neurons from
postmortem studies of schizophrenia.
Layer 3 pyramidal neurons in
schizophrenia exhibit lower gene
expression levels of positive regulators
and higher gene expression levels of
negative regulators of actin filaments
that are critical for structural features of
pyramidal  neurons, and these
alterations are thought to contribute to
smaller somal volumes, shorter basilar
dendrites and lower dendritic spine
density of layer 3 pyramidal neurons in
schizophrenia. The deficit in total
dendritic spines likely represents fewer
glutamatergic inputs onto layer 3
pyramidal neurons from other layer 3
pyramidal neurons and glutamatergic
neurons in other brain regions. As a
result, layer 3 pyramidal neurons are
thought to be hypoactive which results
in the activity-related downregulation
of transcripts involved in mitochondrial
energy production and oxidative
phosphorylation  (OXPHQS). The
density of glutamatergic excitatory
inputs is also lower on parvalbumin
basket cells (PVb) but not on calretinin

(CR) interneurons. B) The perisomatic inhibition of pyramidal neurons by PVb cells (red) is lower due to (1) lower
levels of GAD67 mRNA and protein, and therefore less GABA synthesis; (2) higher levels of u opioid receptor
expression that both reduces PVb cell activity and suppresses GABA release; and (3) less MRNA for, and presumably
fewer, postsynaptic GABAaal receptors in pyramidal neurons. Levels of the GABA membrane transporter 1 (GAT1)
are lower in the axon terminals of PV-expressing chandelier (PVch) cells, whereas levels postsynaptic GABAA 02-
containing receptors are higher in pyramidal neuron axon initial segments. However, levels of GAD67 protein in PVch
cells are not altered in schizophrenia. Somatostatin (SST)-containing cells (yellow) express lower mRNA levels of
SST. Finally, calretinin (CR)-containing cells (blue) are thought to be unaffected in schizophrenia as CR mRNA and
protein levels are not altered. It should be noted that GADG7 levels have not yet been directly examined in SST or CR
cells in schizophrenia. Open arrows indicate MRNAS; filled arrows indicate proteins. Adapted from (Dienel & Lewis,

2017).
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1.7 GOALS OF THIS DISSERTATION

Prefrontal SST-expressing GABA neurons are strongly implicated in working memory,
through animals models which demonstrate that their activity is necessary for working memory in
rodents and computational models of the primate DLPFC during working memory (Froudist-
Walsh et al., 2021; Wang et al., 2004). These models specifically point to a role of dendritic
inhibition from SST neurons in distractor resistance during working memory. Neuropsychological
testing of individuals with schizophrenia suggests that the ability to resist distracting stimuli during
working memory in schizophrenia is also impaired. Therefore, the previously reported regional
enrichment for SST mRNA in the DLPFC relative to other cortical regions, especially primary
sensory areas such as the primary visual cortex (V1), supports the imputation that an enrichment
of these neurons in the DLPFC represents part of the neural substrate for the resilience of the
DLPFC to distractors (while other cortical regions reliably encode distracting stimuli). Moreover,
a schizophrenia-associated deficit in SST mRNA expression supports the notion that alterations to
this neuron in the disorder represent part of the neural substrate for impaired distractor filtering.

A key theme and goal of this dissertation is to address the basis for differences in transcript
levels across cortical regions and in the DLPFC in the context of schizophrenia. Differences in
SST mRNA levels reported at the level of total tissue homogenate might reflect differences in the
relative proportion of neurons expressing a given transcripts, differences in transcript levels per
neuron, or both. The prior studies that provide the background support for the hypotheses described
above lacked the laminar and cellular resolution necessary to address these questions. In this
dissertation, I test the following hypotheses: are higher levels of SST in the DLPFC relative to V1
in the primate neocortex due to differences in SST levels per SST neuron or the relative proportion

of neurons that express SST (2.0)? Second, do lower levels of SST mRNA in the DLPFC of
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persons with schizophrenia reflect lower gene expression per neuron or fewer SST neurons (3.0)?
Third, do SST neurons exhibit evidence of a diminished capacity to synthesize GABA, indexed by
lower levels of a key GABA synthesizing enzyme, GAD67 (4.0)? While this dissertation is framed
around SST neurons, all the experiments described in this dissertation work utilize other GABA

neurons as comparators for the findings reported in SST neurons.
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2.0 DISTINCT LAMINAR AND CELLULAR PATTERNS OF SOMATOSTATIN

TRANSCRIPT LEVELS IN MONKEY PREFRONTAL AND VISUAL CORTICES

Adapted from: Dienel SJ, Ciesielski AJ, Bazmi HH, Profozich EA, Fish KN, Lewis DA.
Distinct Laminar and Cellular Patterns of GABA Neuron Transcript Expression in Monkey

Prefrontal and Visual Cortices. Cerebral Cortex 31(5): 2345-2363.

2.1 INTRODUCTION

Cortical interneurons, which utilize the inhibitory neurotransmitter y-aminobutyric acid
(GABA), regulate cortical network activity by shaping the excitatory inputs received by pyramidal
neurons and the excitatory outputs they generate (Markram et al., 2004; Kepecs & Fishell, 2014;
Tremblay et al., 2016). GABA neurons have been subtyped based on their physiologic,
morphologic, and/or molecular properties (Ascoli et al.,, 2008; DeFelipe et al., 2013).
Classification schemes based on uniquely expressed gene products have defined four major groups
of GABA neurons in the primate neocortex: those expressing the calcium-binding protein
parvalbumin (PV), the neuropeptides somatostatin (SST) or vasoactive intestinal peptide (VIP), or
the cannabinoid receptor 1 (CB1R) (DeFelipe, 1993; Conde et al., 1994; Gabbott & Bacon, 1996;
DeFelipe, 1997; del Rio & DeFelipe, 1997; Eggan & Lewis, 2007). Some of these cell types
frequently, but not exclusively, also express other calcium-binding proteins such as calbindin (CB)
and calretinin (CR) (Condé et al., 1994; del Rio & DeFelipe, 1996; DeFelipe, 1997) or other

neuropeptides such as cholecystokinin (CCK) (Oeth & Lewis, 1990). For example, most SST
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neurons in superficial layers also express CB (Gonzélez-Albo et al., 2001), CR and VIP are
frequently co-expressed (Gabbott et al., 1997; Meskenaite, 1997), and many CB1R-containing
neurons also express CCK (Eggan et al., 2010).

Studies in humans suggest that expression levels of GABA neuron subtype-specific gene
products differ across the cortical mantle, with pronounced differences between higher-order
association regions (e.g., dorsolateral prefrontal cortex, DLPFC) and primary sensory areas (e.g.,
primary visual cortex, V1) (Hashimoto et al., 2008b; Hawrylycz et al., 2012; Tsubomoto et al.,
2019). For example, in humans, PV mRNA levels are ~4 fold higher in V1 relative to DLPFC,
whereas SST mRNA levels are ~2 fold higher in DLPFC relative to V1 (Hashimoto et al., 2008b;
Tsubomoto et al., 2019). However, these studies examined total gray matter tissue homogenates
and could not determine the contribution of individual cortical layers to the differences between
regions.

Studies across cortical layers in monkeys and humans indicate that the relative densities of
GABA neurons tend to be higher in layers 2 and 4, as demonstrated by counts of neurons
immunoreactive for GABA (Hendry et al., 1987)or labeled for glutamic acid decarboxylase 67
(GAD67) mRNA (Akbarian etal., 1995; VVolk et al., 2000) the enzyme responsible for most GABA
synthesis in the cortex (Asada et al., 1997). Moreover, the cell bodies of GABA neuron subtypes
are differentially enriched in layers 2 and 4. For example, in the primate DLPFC, the density of
SST/CB (Lewis et al., 1986; Gabbott & Bacon, 1996), VIP/CR (Condé et al., 1994) and
CB1R/CCK (Eggan et al., 2010) neurons is highest in layer 2, whereas the density of PV neurons
is highest in layer 4 (Condé et al., 1994; Hof et al., 1999). However, these studies were limited to
counts of labeled neurons and could not determine the contribution of gene expression per neuron

to the observed regional differences in GABA-related transcript levels.
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To determine the laminar and cellular bases for the marked differences in GABA-related
transcript levels between monkey DLPFC and V1, we conducted two studies. First, we quantified
levels of transcripts that distinguish among subtypes of GABA neurons, or that index pre- and
post-synaptic GABA neurotransmission, in tissue homogenates restricted to layers 2 and 4 of
macaque monkey DLPFC and V1. We selectively studied layers 2 and 4 given the enrichment of
GABA-immunoreactive (Hendry et al., 1987), GAT1 mRNA-positive (Volk et al., 2001) and
GADG67 mRNA-positive neurons (Volk et al., 2000) in these layers and prior reports that distinct
GABA subtypes are differentially enriched in these layers (Condé et al., 1994; Gabbott & Bacon,
1996). Second, we used multiplex fluorescent in situ hybridization to quantify relative neuronal
densities and transcript levels per neuron in the same regions and layers. We found that regional
and laminar differences in GABA-related transcripts reflect differences in the complement of

GABA neuron subtypes and/or in subtype-specific expression levels per neuron.

2.2 METHODS

2.2.1 Animals and tissue preparation

Three cohorts (total n = 15) of adolescent or young adult rhesus monkeys (Macaca
mulatta) were used (Table 1). All animals were trained to perform working memory tasks under
a water restriction protocol, described elsewhere (Verrico et al., 2011), and served solely as vehicle
controls in those studies. The seven animals in Cohort 1 were deeply anesthetized with ketamine
and pentobarbital and perfused transcardially with ice-cold artificial cerebrospinal fluid as

previously described (Gonzalez-Burgos et al., 2008). The eight animals in Cohorts 2 and 3 were
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deeply anesthetized with ketamine and pentobarbital without transcardial perfusion. In all animals,

the brain was extracted intact, the right hemisphere was blocked, and the blocks were flash-frozen

in isopentane and stored at -80°C until the time of the experiment. All housing and experimental

procedures were conducted in accordance with guidelines set by the US Department of Agriculture

and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and with

the approval of the University of Pittsburgh’s Institutional Animal Care and Use Committee.

Table 1. Characteristics of monkeys used in these studies.

. . Storage
Cohort Subject Age Sex Perfusion  Weight Time
J (months) Status (kg) (months)
1 MJ219 41 M + 4.7 96
MJ401 41 M + 7.4 94
MJ508 41 M + 41 94
MJ324 42 M + 8.5 94
MJ407 42 M + 4.6 93
MJ607 42 M + 4.4 92
MJ523 44 M + 4 90
2 RH341 60 M — 8.2 37
RH340 61 F — 8.1 37
RH343 61 F — 6 37
RH335 62 F — 7 38
RH338 62 M — 10 38
RH345 63 M — 9.6 37
3 RH303 65 F — 5.2 106
RH301 101 M — 11 106

2.2.2 Laser microdissection procedure

Cryostat sections (12 um) were cut from coronal blocks of the right prefrontal cortex

containing the principal sulcus and from sagittal blocks of the right occipital cortex containing the
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calcarine sulcus (Figure 4A-C). Sections were thaw-mounted onto glass polyethylene naphthalate
membrane slides that had been UV treated at 254 nm for 30 minutes, dried briefly, and stored at —
80°C. On the day of laser microdissection, slides were immersed in an ethanol-acetic acid fixation
solution and stained for thionin, as previously described (Dienel et al., 2017). Using a 5x
microscope objective, cortical regions were confirmed by cytoarchitectonic criteria (Walker, 1940;
Lund, 1973) and layers were identified based on the characteristic differences in packing density
and size of Nissl-stained cells (Figure 4D, E). In coronal sections containing the principal sulcus,
DLPFC was defined based on defining features of area 9 and 46 (Walker, 1940) and included the
zone extending from the medial border of area 9 (i.e., the fundus of the cingulate sulcus) through
the lateral border of area 46 (i.e., the ventral bank of the principal sulcus) (Figure 4D). In sagittal
sections containing the calcarine sulcus, V1 was defined based on the cytoarchitectonic criteria for
area 17 (Lund, 1973), and tissue samples containing layer 2 or layer 4 (including all sublayers)
were captured (Figure 4E). In each region, tissue samples were collected across 3 adjacent cryostat
sections to obtain a total cross-sectional tissue area of ~5 x 10° um?in each layer from each animal.
Samples were lysed in RLT Plus Buffer (QIAGEN) with B-mercaptoethanol, frozen, and RNA
was extracted and purified using the RNeasy Plus Micro Kit (QIAGEN). All four samples (DLPFC
layer 2 and layer 4 and V1 layer 2 and layer 4) from a single animal were collected during the

same day by a single investigator (S.J.D or A.J.C) to minimize technical variance.
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Figure 4. Cortical regions and layers in macaque monkeys.

A) Schematic of the macaque monkey brain. Orange and blue colored planes indicate locations of tissue blocks from
the B) DLPFC and C) V1, respectively. Dashed lines indicate approximate locations of areas 9/46 and 17 identified
by cytoarchitectonic criteria. Tissue sections were stained for Nissl substance, and layers 2 and 4 from D) DLPFC and
E) V1 were laser microdissected and prepared for qPCR analysis. Numbers indicate cortical layers. PS = principal
sulcus, CS = cingulate sulcus, CaS = calcarine sulcus. Scale bar (400pum) applies to panels D and E.
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2.2.3 Quantitative polymerase chain reaction (QPCR)

Total RNA was converted to complementary DNA using the SuperScript™ IV VILO™
Master Mix (ThermoFisher Scientific, Waltham, MA, USA). Given the within-animal design of
the study, all four cortical samples for each animal were represented in quadruplicate for each
transcript on a single 384 well qPCR plate. Because of this design, which controls for any potential
batch effects within animal, only 16 transcripts could be quantified. We designed forward and
reverse primers to target the transcripts of the following 13 GABA-related markers (Table 2):
those known to be primarily expressed in unique GABA neuron subtypes (SST, CB, VIP, CR,
CB1R, CCK, and PV) and those related to GABA neurotransmission, including GABA synthesis
(GAD67 and GADG65), vesicular packaging (vesicular GABA transporter, VGAT), reuptake
(GABA membrane transporter 1, GAT1), and postsynaptic receptor subunits of the GABAAa
receptor (GABRA1 and GABRAZ2), which tend to be differentially enriched at specific
postsynaptic sites (Nusser et al., 1996). The same approach was used for 3 housekeeping genes:
B-actin (ACTB), cyclophilin A (PPIA), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). All primers showed 90-100% efficiency and each amplified product resulted in a single
and specific amplicon. Levels of each transcript were assessed using Power SYBR Green
fluorescence and the ViiA™?7 Real Time PCR System to determine the cycle threshold (CT). The
expression level of each transcript was calculated by subtracting the geometric mean of the three
normalizers from the CT values of the gene of interest (difference in CT, or dCT). Normalizers are
thought to account for variation in amounts of RNA due to a variety of factors, including
differences in cell packing density. Based on the greater cell packing density in V1 relative to
DLPFC in primates (Rockel et al., 1980; Carlo & Stevens, 2013; Collins et al., 2016), the

expression of these housekeeping genes would be expected to be greater in V1 relative to DLPFC.
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Consistent with our prediction, a repeated measures ANOVA demonstrated that the geometric
mean of the normalizer genes was significantly higher in V1 than DLPFC (F1,14 =8.32, p = 0.012).
Because the dCT represents the logz-transformed expression ratio of each target transcript to the
mean of the normalizer genes, the relative expression levels of the target transcripts are reported

as the more intuitive expression ratio, or the 2-9T,

2.2.4 Multiplex Fluorescent in situ Hybridization

In the study utilizing multiplex fluorescent in situ hybridization, tissue sections from
Cohort 2 animals (3 males and 3 females; Table 1) were used. Cryostat sections (20 um) were cut
from the same fresh-frozen coronal blocks of the right DLPFC and sagittal blocks of the right V1,
and thaw-mounted on SuperFrost slides (ThermoFisher). Slides were stored at -80°C until labeling.
Probes were designed by Advanced Cell Diagnostics, Inc (Hayward, CA, USA) to detect mMRNAs
of the Macaca mulatta genes for somatostatin (SST), parvalbumin (PVALB), and GAD67 (GAD1)
(Table 2). Tissue sections were processed using the RNAscope® fluorescent multiplex assay
according to the manufacturer’s protocol (Wang et al., 2012). Briefly, after removal from -80°C,
tissue sections were immediately immersed in ice-cold 4% paraformaldehyde for 15 minutes,
dehydrated through a series of ethanol washes (50%, 70%, 100% and repeated with fresh 100%
ethanol for 5 minutes each at room temperature) and treated with protease 1V (ACDbio) for 30
minutes at room temperature. Probes were then hybridized to their target mMRNAs for 2 hours at
40°C. After a series of amplification steps at 40°C (Amp 1 for 30 minutes, Amp 2 for 15 minutes,
and Amp 3 for 30 minutes), GAD67, PV, and SST mRNAs were visualized by Alexa 488, Atto
550, and Atto 647N fluorophores, respectively, via oligonucleotide binding to specific channels

(C1, C2, and C3) using Amp 4C for 15 minutes at 40°C. After counterstaining with DAPI, slides
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were stored at 4°C until imaging. One section per region was used, and all tissue sections from

each animal (n = 12 sections, 2 regions per 6 animals) were labeled together in the same batch.

2.2.5 Microscopy

Images were collected on a custom wide-field epifluorescence Olympus (Center Valley,
PA, USA) I1X83 inverted microscope equipped with a Spectra Il light engine (Lumencor,
Beaverton, OR, USA), a high-precision XYZ motorized stage with linear XYZ encoders (Prior
Scientific, Rockland, MA, USA), an ORCA-Flash 4.0 sCMOS camera (Hamamatsu Photonics,
Hamamatsu City, Japan), and custom dichroic mirrors and excitation/emission filters for
simultaneous imaging of 6 channels (excitation wavelengths 350-, 405-, 568-, 647-, 750-
nanometers). The microscope and ancillary equipment were controlled using SlideBook 6.0
(Intelligent Imaging Innovations, Inc., Denver, CO, USA). Images were captured using a 60x 1.42
N.A. oil immersion Plan Apochromat objective (Olympus). To select the imaging sites, a low-
magnification image was taken, and a sampling grid composed of 240 um x 240 pm squares was
placed over the entirety of the gray matter for each section. Imaging sites were selected based on
the laminar boundaries determined by the DAPI counterstain alone; thus, the experimenter (S.J.D)
was blind to the labeling of the dependent measures of interest during imaging site selection. For
V1, layer 4 included all sublayers, consistent with the studies performed using laser
microdissection. 3D image stacks (17 2D images successively captured at intervals separated by
0.25 um in the z-dimension) sized at 2048 x 2048 pixels (~220 x 220 um; pixel size = 0.107
um/pixel) were acquired to capture total tissue thickness. In each case, the z-axis was 4.25 um.
Throughout an image stack, fluorescent channels (DAPI, 488, 568, 647) were sequentially

captured. Because macaques of this age group tend to accumulate lipofuscin, a lysosomal
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degradation product, in cortical brain tissue (Brizzee et al., 1974), lipofuscin was imaged in a
custom lipofuscin channel (ex: 405, em: 705) as previously described (Rocco et al., 2016b).
Exposure times were established before beginning the experiment to optimize the dynamic range
of the fluorescent grains, and exposure times and laser power were kept constant throughout the
experiment: 405 nm at 100 milliseconds (ms), 488 nm at 1000 ms, 568 nm at 800 ms, and 647 nm
at 300 ms, custom lipofuscin channel at 500 ms; all solid-state light source intensities were
maintained at 10%. To minimize within-animal experimental variance, the sampling order of
region (DLPFC vs V1) and layer (layer 2 vs layer 4) were systematically randomized and all
regions and layers from a single animal were imaged in a day. For each animal, 30 sampling sites

were obtained per layer per region, resulting in an equivalent sampling size of ~6.6 mm? per area.

2.2.6 Image Processing

Each fluorescent channel was processed using a 3D Gaussian blurred subtraction filter in
MATLAB by calculating a difference of Gaussians using sigma values of 0.7 and 2. Within
SlideBook, an average z-projection algorithm was used to generate a 2D representation of the 3D
image stack. The lipofuscin channel was subtracted from each fluorescent channel using
SlideBook channel subtraction algorithm. The resulting 2D projection image was exported as a
quantitative 16-bit depth tiff files and imported into HALO (IndicaLabs, Albuquerque, NM, USA)
for nucleus segmentation and grain counting.

Mask thresholding was optimized to capture fluorescent grains based on the following
parameters: contrast threshold = 0.01, minimum intensity = 0.015, spot size = 0.09 — 2 um, copy
intensity = 1, segmentation aggressiveness = 1. These parameters were held constant for all

analyses across regions and layers. Two analyses were performed: the first automatically
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segmented DAPI-labeled nuclei and counted grains located over each nucleus and within the
surrounding 2 um perimeter. Optimal parameters for nucleus segmentation were selected to
minimize contamination by glial nuclei, which tend to be smaller than neuronal nuclei (Vincent et
al., 1989; Peters et al., 1994; Garcia-Cabezas et al., 2016), and exclude nuclear objects located at
the edge of the tissue section (nuclei settings: nuclear contrast threshold = 0.5, minimum nuclear
intensity = 0.04, segmentation aggressiveness = 0.5, nuclear size range = 30 — 250 pm?, minimum
roundness = 0.65, cytoplasm set to 2 um perimeter). Because we were unable to include a glial
cell marker, we cannot exclude a small contribution of glial nuclei to our data. Second, an analysis
was performed to count grains in each image, regardless of their relationship to DAPI-labeled
nuclei, using the same settings for counting grains. To determine the background grain density,
the total grains associated with nuclei were subtracted from the full-field grain density, resulting
in a value that represented the grain density per um? for grains not associated with any nucleus.
This background value was calculated as an average among all 60 imaging sites for a given animal
and region, providing a within-slide control for random fluctuations in background grain density.

To detect nuclei that were positive for a given marker, a threshold based on grain density,
rather than absolute grain counts per nucleus, was used to minimize false positive cell counts.
Using this approach, PV+ or SST+ cells were defined as a nucleus that contained 2X greater than
background levels for either of these transcripts and for GAD67 mRNA. A GAD67-Only cell was
defined as one containing 2X the background density for GAD67 with PV and SST mRNA levels
<2X their respective background levels. Based on these definitions, the 4.0-7.5% of PV and SST
mRNA-containing nuclei across all samples that lacked GAD67 grains were considered false

positives and excluded from analysis.
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2.2.7 Experimental Design and Statistical Analyses

For the gPCR study, data were obtained from DLPFC layer 2, DLPFC layer 4, V1 layer 2,
and V1 layer 4 samples for all 15 monkeys. To determine the differences in transcript levels
between layers and across regions by gPCR, linear models were conducted using region, layer,
and region-by-layer interaction as fixed factors, and ANOVA tables were computed based on the
linear models. Because 13 transcripts were studied, we corrected for multiple comparisons using
Bonferroni’s procedure and set the significance level at o = 0.0038 (0.05/13). Within each cohort,
animals were very similar in age and tissue storage time, but these measures (and whether the
animal was perfused with artificial cerebrospinal fluid) differed across cohorts (Table 1); thus, we
included cohort as a covariate term in all linear models. Similarly, we included sex as a separate
covariate. The inclusion of cohort and sex as covariates did not reach the set level of statistical
significance for any transcript with the exception of GAD65, which showed higher expression in
males than females across DLPFC and V1 layers 2 and 4 (F(,53=11.7, p=0.0012). Because each
animal has 4 different cortical samples, mixed models were also performed using animal as a
random factor. However, in nearly every case, the Akaike information criteria (AIC) (Akaike,
1974) was smaller for the simpler linear model without animal as a random factor, indicating that
the inclusion of the random factor did not meaningfully improve the model fit. Therefore, the most
parsimonious model utilizing region, layer, and region-by-layer interaction terms was used and the
results from this model are reported.

For the multiplex fluorescent in situ hybridization study, the same 4 laminar locations
(DLPFC layer 2, DLPFC layer 4, V1 layer 2, V1 layer 4) were imaged in each of 6 monkeys.
Linear models were employed using either percent of positive cells for each marker (relative to

total nuclei count in that location) or mRNA grain density per neuron as dependent variables, and
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region, layer, and region-by-layer interaction as independent variables. ANOVA tables were
generated from these linear models. The cohort was balanced for sex, and the inclusion of sex as
a separate independent variable in the model did not significantly explain the variance in any
dependent measure in any case. Similarly, mixed models were also conducted including animal as
a random factor, and the AIC indicated that the simpler linear model was a better fit for the data
in nearly every case. Therefore, the most parsimonious model of including region, layer, and
region-by-layer interaction was used for each dependent measure. Cohen’s D effect sizes were
employed to give an estimation of the normative differences between regions and layers.

All analyses were conducted in R using ‘car’ (Fox & Weisberg, 2019), ‘tidyverse’
(Wickham et al., 2017), and ‘lme4’ (Bates et al., 2015) packages. Figures were generated in R
using ‘ggplot2’ (Wickham, 2016) and ‘ggbeeswarm’ (Clarke & Sherrill-Mix, 2017) packages.
‘TukeyHSD’ function in base R was used to compute posthoc comparisons.

All values provided in the text and figures are mean + standard deviation.

2.3 RESULTS

2.3.1 Regional and Laminar Patterns of GABA-related Transcript Levels

Plots of the levels of GABA-related transcripts revealed three patterns across layers 2 and
4 of the DLPFC and V1 (Figs 2 — 4). Thus, the results are presented according to these patterns.

Pattern 1: Higher Transcript Levels in DLPFC than VI and in Layer 2 than Layer 4. The
most common pattern, exhibited by most transcripts expressed in specific subtypes of GABA

neurons, was defined by higher transcript levels in DLPFC relative to V1 and layer 2 relative to
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layer 4. Transcripts which are frequently co-expressed in the same neurons (e.g., SST and CB;
CBIR and CCK; VIP and CR) tended to show a similar regional and laminar pattern. The most
striking example of this shared expression pattern was for SST (Figure 5A) and CB (Figure 5B)
mRNAs. Both these transcripts showed a significant effect of region (higher in DLPFC than V1)
and layer (higher in layer 2 than layer 4). CB mRNA also showed a significant region-by-layer
interaction, suggesting that the magnitude of the laminar difference was greater in the DLPFC
(laminar effect size = 2.7) than V1 (laminar effect size = 1.6). Both CB1R (Figure 5C) and CCK
(Figure 5D) mRNAs showed similar significant effects of region and layer, although without
significant region-by-layer interactions. Finally, VIP (Figure SE) and CR (Figure 5F) mRNAs
also demonstrated this pattern, with significantly higher levels in DLPFC than V1 and in layer 2
than layer 4. A region-by-layer interaction was observed for CR mRNA, with the difference
between layers 2 and 4 greater in V1 (laminar effect size = 6.5) than in DLPFC (laminar effect

size =4.1).
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Figure 5. Transcripts that tend to be co-expressed in specific subsets of GABA neurons exhibit Pattern 1, with
higher mRNA levels in DLPFC relative to V1 and in layer 2 relative to layer 4.

Both A) SST and B) CB mRNAs and C) CB1R and D) CCK mRNAs show similar regional and laminar patterns of
expression. Although E) VIP and F) CR mRNAs are frequently co-expressed in the primate neocortex, the laminar
effect size was larger for CR than VIP in both DLPFC and V1. Within each graph, bars not sharing the same lower-
case letter are significantly different by Tukey’s HSD (p<0.05).

69



PV

DLPFC 11 Vi1 |
a b b,c d
0.5
]
9 @
"t'u' 0.4 -
e -
S 4 il
(73]
[72)
[)
{9
g' 0.2
Ll
B

0 Layer 2 Layer 4 Layer 2 Layer 4

Region: F . =450.0, p < 0.0001*
Layer: F, . = 579.7, p <0.0001*
Interaction: F =229.9, p <0.0001*

(1,56)

Figure 6. PV mRNA exhibited Pattern 2 of expression, with higher levels in V1 and layer 4 relative to DLPFC
and layer 2.
Bars not sharing the same lower-case letter are significantly different by Tukey’s HSD (p<0.05).

Pattern 2: Higher Transcript Levels in VI than DLPFC and in Layer 4 than in Layer 2.
PV mRNA showed a distinctly different pattern from the other markers of GABA neuron subtypes,
with higher levels in V1 than in DLPFC and in layer 4 than in layer 2. The effects of region, layer,

and their interaction were significant (Figure 6). The difference between layers 4 and 2 was more

pronounced in V1 (laminar effect size = 8.0) than in DLPFC (laminar effect size = 3.7)
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Figure 7. Regional and laminar expression levels for markers of GABA neurotransmission illustrate Pattern 3.
A) GADG65, B) GAD67, C) vVGAT, and D) GAT1 showed more modest regional and laminar patterns of expression

than GABA neuron subtype-specific transcripts. Within each graph, bars not sharing the same lower-case letter are
significantly different by Tukey’s HSD (p<0.05).
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Pattern 3: Modest Region or Laminar Differences in Transcript Levels. In contrast to the
findings above, transcripts regulating GABA synthesis, release or reuptake exhibited only modest
or no differences in expression across regions and layers. Levels of GAD65, vGAT, and GATI1
(but not GAD67) mRNAs (Figure 7) showed significant effects for region, with levels higher in
V1 than DLPFC. Only GAD65 (Figure 7A) showed a significant effect of layer with levels higher
in layer 4 than in layer 2, resembling (but much less striking than) the pattern exhibited by PV
mRNA. Although many of the differences between regions and layers did not reach the stringent
cutoff for statistical significance, expression levels of GAD65, vGAT, and GAT1 were higher in

layer 4 of V1 relative to all other layers examined.
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Figure 8. Regional and laminar expression levels for postsynaptic GABAA receptor subunits exhibit Patterns
land 2.

A) GABRA2 demonstrated Pattern 1 expression seen with most markers of GABA neuron subtypes, with higher
expression in DLPFC and layer 2 relative to V1 and layer 4, respectively. B) GABRAL showed the opposite Pattern
2, with higher expression in V1 and layer 4 relative to DLPFC and layer 2, respectively. Within each graph, bars not
sharing the same lower-case letter are significantly different by Tukey’s HSD (p<0.05).
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GABA4 Receptor Subunits Confirm Patterns 1 and 2: Expression levels of postsynaptic
markers of GABA neurotransmission, GABRA2 and GABRA1 mRNAs, were similar to Patterns
1 and 2, respectively. That is, levels of GABRA2 mRNA (Figure 8A) were higher in DLPFC than
V1 and in layer 2 than layer 4 (although the regional difference did not achieve statistical
significance), whereas levels of GABRA1 mRNA (Figure 8B) were higher in V1 than DLPFC

and in layer 4 than in layer 2.

Consistency of Laminar and Regional Effects within Animals. The group level patterns for
each of these transcripts were highly consistent within individual animals. These highly conserved
effects were demonstrated by an analysis of the within-animal rank for each of the four region/layer
samples. For example, SST mRNA (Figure 9A) levels were always highest in DLPFC layer 2
(rank 1), followed by V1 layer 2 (rank 2), DLPFC layer 4 (rank 3), and V1 layer 4 (rank 4). PV
mRNA levels (Figure 9B) were consistently highest in V1 layer 4 (rank 1); except for three
animals, DLPFC layer 4 was ranked second and V1 layer 2 ranked third; and for all animals,
DLPFC layer 2 ranked fourth. Other transcripts exhibiting patterns similar to PV or SST mRNAs
also largely showed very consistent within-animal rank order by region and layer. In contrast to
the consistent patterns across animals of these transcripts, neither GAD67 mRNA (Figure 9C) nor
GADG65, vGAT, nor GATI mRNAs showed a consistent within-animal ranking patterns by region

or layer.
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Figure 9. Expression patterns of each transcript were highly consistent across individual animals.

Values for each animal are shown as different shapes and the within-animal rank order of expression levels for each
transcript are indicated by colors. In every animal, A) SST showed the highest expression in DLPFC layer 2, followed
by V1 layer 2, DLPFC layer 4, and V1 layer 4. B) In nearly every case, PV showed the opposite pattern: higher
expression in V1 layer 4, followed by DLPFC layer 4, V1 layer 2, and DLPFC layer 2. C) In contrast, GAD67 did not
show consistent rank orders of expression levels within animals by region or layer.

2.3.2 Cellular Patterns of GABA-related Transcript Levels

Fluorescent in Situ Hybridization for SST, PV, and GAD67 mRNA Probes. To determine
the cellular basis for the regional and laminar patterns of GABA -related gene products described
above, multiplex fluorescent in situ hybridization was conducted for SST, PV and GAD67 mRNAs
as exemplars of the three patterns observed by qPCR. High magnification images (Figure 10)
demonstrated the specificity of each probe: PV or SST mRNAs were colocalized in the same
nucleus with GAD67 mRNA, whereas PV and SST mRNAs were never colocalized. As expected,

in both layer of both regions, some cells contained only GAD67 mRNA. Low magnification
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images (Figure 11) revealed regional and laminar patterns of labeled cells for each mRNA

consistent with the 3 patterns found by qPCR.

Layer 2

GAD67 |B

DLPFC

Figure 10. Representative high magnification images using multiplex fluorescent in situ hybridization.

Green grains indicate GAD67 mRNA, red grains indicate PV mRNA, and blue grains indicate SST mMRNA. Green
arrowheads indicate GAD67+ Only neurons, red/green arrowheads indicate PV+ GABA neurons (also expressing
GADG67 mRNA), and blue/green arrowheads indicate SST+ GABA neurons (also expressing GAD67 mRNA). In A)
layer 2 of DLPFC, SST+ and GAD67+ Only neurons predominate, whereas B) layer 4 of DLPFC is populated mostly
by PV neurons. In C) layer 2 of V1, SST neurons predominate and D) layer 4 of V1 is heavily populated by PV
neurons expressing high levels of PV mRNA. Scale bar (30 um) in D) applies to all panels, and color associated with
each transcript shown in A) applies to all panels.
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Density and Proportion of All Positive Nuclei. The density of all DAPI-labeled nuclei was
highest in V1 layer 4 (726.3137.4 nuclei/mm?), followed by V1 layer 2 (663.0+45.0 nuclei/mm?),
DLPFC layer 4 (448.6+47.0 nuclei/mm?), and DLPFC layer 2 (365.2437.9 nuclei/mm?). In
addition, combining values across layers for each region revealed a greater density of nuclei in V1
(1,389.4+70.3 nuclei/mm?) than in DLPFC (813.8 + 83.6 nuclei/mm?), consistent with prior
findings of a greater cell packing density in V1 relative to other cortical areas (Rockel et al., 1980;
Hendry et al., 1987; Collins etal., 2016). Similarly, the density of GAD67 mRNA -positive neurons
was greater in V1 than in DLPFC (Table 2), but the proportion of GAD67 mRNA -positive neurons
relative to all DAPI-labeled nuclei was lower in V1 (15.0 + 3.3%) compared to DLPFC (24.0 £
4.1%), consistent with prior measures of GABA -immunoreactive neurons in these regions (Hendry
etal., 1987).

To account for these differences in cell packing density, we report the relative proportion
of all DAPI-labeled nuclei that express 1) both SST and GAD67 mRNAs (SST+ nuclei), 2) both
PV and GAD67 mRNAs (PV+ nuclei), and 3) GAD67 but not PV or SST mRNAs (GAD67+ Only

nuclei). Relative neuron density measures were consistent across all six animals (Table 2).
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Figure 11. Representative low magnification images of multiplex fluorescently labeled in situ sections.

A) SST neurons in the DLPFC are present across cortical layers and in the superficial white matter but are relatively
enriched in layers 2 and 5, whereas B) PV neurons in the DLPFC are present predominately in layer 4 and deep layer
3. C) GADG67 neurons are present in all cortical layers. D) SST neurons in V1 are largely confined to a dense band in
layer 2. E) PV neurons in V1 are abundant and are present in high densities throughout layer 4. F) GAD67 neurons,
as in the DLPFC, are present across all cortical layers in V1. Numbers indicate cortical layers, WM = white matter.
Scale bar (500 um) in F) applies to all panels.
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Table 2. Density (positive neurons/mm?) and relative proportion of total nuclei expressing a given marker listed in parentheses.

RH335
RH338
RH340
RH341
RH343
RH345
Mean

Regional
Mean

RH335
RH338
RH340
RH341
RH343
RH345

Mean

Regional
Mean

Total GABA nuclei (All GAD67+ nuclei) SST+
DLPFEC Layer 2 DLPFC Layer 4 V1 Layer 2 V1 Layer 4 DLPFC Layer 2 DLPFC Layer 4 V1 Layer 2 V1 Layer 4
80.2 (26.9%) 726 (19.8%) 1244 (21.3%)  97.3 (14.5%) 27.9  (9.4%) 241 (6.6%) 50.5 (8.6%) 124 (1.8%)
912 (265%)  80.2 (185%) 1261 (18.9%) 839 (11.5%) 295 (8.6%) 206  (4.7%) 514  (7.7%) 9.8 (1.3%)
1164  (30.6%) 1015 (22.6%) 1421 (19.7%)  79.7 (11.3%) 385  (10.1%) 314 (7.0%) 67.7 (9.4%) 112 (1.6%)
106.7  (27.6%) 104.2 (20.9%) 102.0 (14.8%) 98.3 (13.3%) 34.1 (8.8%) 29.4  (5.9%) 447  (6.5%) 135 (1.8%)
109.1  (28.4%)  90.6 (19.9%) 1033 (15.9%)  92.9 (12.8%) 362 (9.4%) 241 (5.3%) 414 (6.4%) 121 (1.7%)
1030 (25.8%)  98.9 (20.3%) 97.3 (145%)  92.6 (11.8%) 342  (8.6%) 252 (5.2%) 414  (6.2%) 85 (1.1%)
101.1  (27.6%) 91.3 (20.3%) 1159 (17.5%) 90.8 (12.5%) 334 (9.1%) 258 (5.8%) 495 (7.5%) 113 (1.6%)
96.2 (24.0%) 103.3 (15.0%) 29.6 (7.5%) 30.4  (4.5%)
GADG67+ Only
DLPFC Layer 2 DLPFEC Layer 4 V1 Layer 2 V1 Layer4 DLPFEC Layer 2 DLPFEC Layer 4 V1 Layer 2 V1 Layer4
13.3  (4.5%) 295 (8.1%) 229 (3.9%) 69.4 (10.3%) 389 (13.1%) 18.9 (5.2%) 51.1 (8.7%) 155 (2.3%)
108 (3.1%) 341 (7.9%) 214 (3.2%) 56.7 (7.8%) 50.9  (14.8%) 255 (5.9%) 533  (8.0%) 174 (2.4%)
155  (4.1%) 388 (8.6%) 271 (3.8%) 547 (7.8%) 62.4  (16.4%) 314 (7.0%) 473  (6.6%) 138  (2.0%)
112 (2.9%) 376 (7.5%) 211 (3.1%) 62.6 (8.4%) 61.4 (15.9%) 37.3  (7.5%) 36.2 (5.3%) 22.3  (3.0%)
165  (4.3%) 34.1 (7.5%) 239 (3.7%) 61.8 (8.5%) 56.4  (14.7%) 324 (7.1%) 38.0 (5.8%) 18.9 (2.6%)
138 (3.5%) 326 (6.7%) 18 (2.7%) 59.4  (7.6%) 550  (13.8%) 412  (8.4%) 37.9 (5.7%) 247 (3.2%)
135  (3.7%) 344 (1.7%) 224 (3.4%) 60.8 (8.4%) 542 (14.8%) 311 (6.8%) 440 (6.7%) 18.8  (2.6%)
240 (5.7%) 416  (5.9%) 426 (10.8%) 314  (4.6%)
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Measures of SST+ Neurons. The proportion of DAPI-labeled nuclei that were SST+
neurons was higher in DLPFC than V1 and in layer 2 than layer 4, consistent with Pattern 1
observed by qPCR (Figure 12A). Additionally, the region-by-layer interaction term was
significant, indicating that the laminar difference in the proportion of SST+ DAPI-labeled nuclei
was larger in V1 (effect size = 6.2) than DLPFC (effect size = 4.5). Average SST mRNA grain
density per positive neuron did not differ between regions, but the density of SST mRNA grains
per neuron was higher in layer 2 than layer 4 in both regions (Figure 12B). This combination of
findings suggests that the higher levels of SST mRNA in DLPFC than V1 observed by qPCR
(Figure 5A) primarily reflect a regional difference in the proportion of neurons that express SST
mRNA, whereas the higher levels of SST mRNA in layer 2 versus layer 4 are driven by both a
higher proportion of neurons that express SST mRNA and higher levels of SST mRNA expression
per neuron in layer 2.

Measures of PV+ Neurons. The proportion of DAPI-labeled nuclei that were PV+ neurons
did not differ between DLPFC and V1 (Figure 12C). However, due to the greater density of DAPI-
labeled nuclei in V1, PV+ neuron density was greater in V1, consistent with the higher levels of
PV mRNA found by qPCR (Figure 6). In both regions, the relative proportion of PV+ neurons
was greater in layer 4 than layer 2 (Figure 12C). The mean density of PV mRNA grains per PV+
neuron was significantly higher in V1 than DLPFC and in layer 4 than layer 2 (Figure 12D),
consistent with Pattern 2 observed by qPCR. Thus, the regional differences in PV mRNA levels
observed by qPCR (Figure 6) appear to primarily reflect greater PV expression per neuron in V1
than DLPFC, whereas the laminar differences within each region are driven by both a higher
proportion of neurons that express PV mRNA and higher levels of PV mRNA expression per

neuron in layer 4.
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Figure 12. Proportion of nuclei expressing a given transcript and the grain density of each transcript per

positive nuclei.

Bars show the mean of six monkeys with individual animal data plotted as unique symbols. Panels A), C), and E)
show the proportion of DAPI-labeled nuclei positive for SST, PV, or GAD67 mRNAs, respectively. Panels B), D),
and E) show the average grain density per positive nucleus for SST, PV, or GAD67 mRNAs, respectively. Within
each graph, bars not sharing the same lower-case letter are significantly different by Tukey’s HSD (p<0.05). Note that
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Measures of GAD67+ Neurons. The proportion of DAPI-labeled nuclei that were GAD67+
(regardless of subtype) was higher in DLPFC and layer 2 relative to V1 and layer 4, respectively
(Figure 12E), with no region-by-layer interaction detected. In contrast, average GAD67 grain
density per neuron showed the opposite pattern: grain density per neuron was higher in V1 and
layer 4 relative to DLPFC and layer 2, respectively (Figure 12F). Thus, the lack of differences
across regions and layers in GAD67 mRNA expression observed by qPCR (Figure 7B) appears
to reflect these opposite patterns in the regional/laminar proportions of GAD67-expressing cells
and of GAD67 mRNA expression per neuron.

GADG67 mRNA Grains per GABA Neuron Subtype. Finally, in order to assess which GABA
neuron subtype(s) contributes to differences in GAD67 grain density per neuron, we compared
GADG67 grain density per neuron for SST+, PV+, and GAD67+ Only neurons across layers 2 and
4 of DLPFC and V1 (Figure 13). For all three classes of GABA neurons, GAD67 grain density
per neuron was higher in V1 relative to DLPFC, with only modest differences between layers.
Within both regions, mean GAD67 grain density was highest in PV+ neurons, intermediate in

SST+ neurons and lowest in GAD67+ Only neurons.
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Figure 13. Grain density of GAD67 mRNA among GABA neuron subtypes.

Grain density of GAD67 mRNA among GABA neuron subtypes. Bars show the mean of 6 monkeys with individual
animal mean data plotted as unique symbols. Among all 3 GABA neuron subtypes, the expression of GAD67 per
neuron was greater in V1 than DLPFC, with modest differences observed between layers. PV neurons tended to show
the highest GADG67 expression per neuron, with the effect most noticeable in V1.

2.4 DISCUSSION

Here, we identified three distinct expression patterns of GABA-related transcripts across
layers 2 and 4 of macaque monkey DLPFC and V1. At the cellular level, these patterns reflect
transcript-specific differences in the relative proportion of GABA neurons that express a given
transcript and/or in the cellular level of expression of that transcript. Together, these findings
illustrate that understanding the basis for regional differences in levels of GABA-related
transcripts (Hashimoto et al., 2008b; Bernard et al., 2012; Hawrylycz et al., 2012; Tsubomoto et

al., 2019) requires studies with both laminar- and cell type-specific levels of resolution. Our
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findings also provide insights into how laminar, cellular, and molecular differences in GABA
neurons might contribute to regional differences in information processing.

All GABA-related transcripts studied exhibited one of three expression patterns across
layers 2 and 4 of DLPFC and V1. The majority of transcripts expressed in distinct GABA neuron
populations, including SST, CB, CB1R, CCK, VIP, and CR mRNAs, had Pattern 1: higher
expression in DLPFC and layer 2 relative to V1 and layer 4, respectively. In contrast, PV mRNA
showed the opposite Pattern 2: higher expression in V1 and layer 4 relative to DLPFC and layer
2, respectively. These two patterns were also shared by transcripts that mediate postsynaptic
GABA neurotransmission but are not selectively expressed in GABA neurons: GABRA2 mRNA
followed Pattern 1, whereas GABRA1 mRNA followed Pattern 2. Interpreting the results of the
postsynaptic GABRA subunits further requires knowledge of the relative expression levels of these
markers in each GABA neuron subtype. Relative to markers of specific subtypes of GABA
neurons, presynaptic markers of GABA neurotransmission showed only modest or no regional and
laminar differences (Pattern 3). This pattern may reflect the fact that these transcripts are expressed
by all subtypes of GABA neurons; therefore, the signal from any particular cell type is not

apparent.

2.4.1 Cellular Basis for Regional and Laminar GABA-related Transcript Patterns

These three distinct patterns appear to be due regional and laminar differences in the
relative number of, and/or levels of gene expression in, specific cell types. For example, the
regional difference for SST mRNA appeared to reflect primarily a greater proportion of SST-
expressing nuclei in DLPFC relative to V1. Although the total density of DAPI-labeled nuclei
might include some contamination by non-neuronal (glial) nuclei, this contamination would likely
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be similar across cortical regions and layers, and thus would not affect differences in the relative
proportions of DAPI-labeled nuclei that are SST+. Because SST neurons are thought to gate
excitatory inputs to pyramidal neurons (Horn & Nicoll, 2018), a greater representation of SST
neurons may provide additional inhibitory control in cortical areas, such as the DLPFC, that
integrate numerous inputs. In primate DLPFC and V1, SST-containing GABA neurons principally
inhibit the distal dendrites of pyramidal neurons (de Lima & Morrison, 1989; Melchitzky & Lewis,
2008), including those residing in layer 3 (Figure 14A). Layer 3 pyramidal neurons have larger
and more complex dendritic arbors and a higher density of dendritic spines in DLPFC than V1.
Thus, a greater proportion of neurons that are SST+ in the DLPFC likely contributes to greater
inhibitory control over numerous inputs to DLPFC pyramidal neurons. Similarly, levels of VIP
and CR mRNAs followed the same pattern as SST mRNA across regions and layers. As VIP/CR
neurons are thought to primarily target SST neurons (Wang, 2020), similar regional and laminar
patterns of SST and VIP/CR neurons would provide for a conserved capacity to disinhibit

pyramidal neurons.
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Figure 14. Relative representation of GABA neuron subtypes and levels of gene expression per neuron in layers
2 and 4 of the primate DLPFC and V1.

A) Canonical microcircuit of excitatory layer 3 pyramidal neurons (P) and the main subtypes of GABA neurons that
influence their activity. Somatostatin (SST)/calbindin (CB)-containing neurons predominately reside in layer 2 and
principally target the distal dendrites of pyramidal neurons. Calretinin (CR)/vasoactive intestinal peptide (VIP)
neurons are also located predominately in layer 2 and primarily provide inhibition onto other GABA neurons,
disinhibiting pyramidal neurons. Basket cells expressing cholecystokinin (CCK) and cannabinoid 1 receptor (CB1R)
target the perisomatic region of pyramidal neurons, at sites enriched in GABAA receptors containing the a2 subunit.
PV neurons are predominately located in layer 4 and target either the perisomatic region (where the postsynaptic
surface is enriched in GABAA receptors containing the a1 subunit) or the axon initial segment (at sites enriched in
GABAA a2 receptor subunits) of pyramidal neurons. Not shown are pyramidal neurons in layers 2 and 4 which are
also likely influenced by the activity of GABA neurons in their own layer. For simplicity, PV and CB1R neurons are
shown only innervating the cell body, although there are other cell types targeted by these cells. B) DLPFC appears
to be distinguished by a relatively higher complement in layer 2 of SST neurons (yellow circles), as well as CR/VIP
and CB1R/CCK neurons (blue circles). C) V1, in contrast, is distinguished by a relatively higher complement in layer
4 of PV neurons (red circles). In B) and C), blue and red shading intensity indicates the relative expression levels of
SST and PV mRNAs, respectively, and number of pink dots illustrate the relative levels of GAD67 mRNA per neuron.

In contrast to our finding that the relative proportion of SST neurons differs across regions,

the laminar difference in SST mRNA levels reflected both a greater proportion of SST-expressing
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neurons and higher SST mRNA levels per neuron in layer 2 than layer 4 in both DLPFC and V1.
Because SST is a signaling neuropeptide that is both co-released with GABA and can
independently inhibit cortical circuits (Viollet et al., 2008; Riedemann & Sutor, 2019; Song et al.,
2020), higher levels of SST mRNA in layer 2 suggest these neurons exhibit greater inhibitory
control over their targets relative to those in layer 4. In layer 2 of the rodent neocortex, SST neurons
principally target and inhibit pyramidal neurons, whereas those in layer 4 appear to principally
target PV neurons and thus disinhibit pyramidal neurons (Xu et al., 2013). Although care must be
taken in extrapolating findings in the rodent neocortex to the present findings in monkeys, our
findings suggest that by virtue of their greater density and greater expression of SST, the inhibitory
capacity of layer 2 SST neurons is likely to exceed the disinhibitory capacity of layer 4 SST
neurons over layer 3 pyramidal neurons.

In contrast to SST mRNA, higher levels of PV mRNA in V1 primarily reflect higher levels
of PV mRNA per neuron without regional differences in the proportion of PV mRNA+ neurons.
Fast-spiking PV neurons principally target the perisomatic region of pyramidal neurons (Williams
et al., 1992; Freund & Katona, 2007), including those in layer 3 (Figure 14A), providing rapid
feedback inhibition necessary for synchronizing the activity of large groups of pyramidal neurons
(Buzsaki & Wang, 2012). This orchestration of network activity depends on the ability of PV
neurons to release GABA in discrete time intervals (Volman et al., 2011). The precise timing of
inhibition from PV neurons is achieved, in part, by the rapid depression of PV synapses during
high frequency stimulation (Pouille & Scanziani, 2001). However, during repetitive firing, the
accumulation of calcium in the intracellular space can lead to both the asynchronous release of
GABA from PV neurons (Manseau et al., 2010) and to PV synapses becoming facilitating, rather

than depressing (Caillard et al., 2000). This calcium accumulation is buffered by the calcium-
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binding capacity of PV (Lee et al., 2000), preserving the synchronous release of GABA and
synaptic depression at PV inputs. Thus, the higher levels of PV mRNA (and presumably, the
cognate protein) per neuron, in V1 relative to DLPFC might buffer against the rapid accumulation
of calcium in the context of the greater excitability, and presumably higher activity, of layer 3
pyramidal neurons in V1 (Amatrudo et al., 2012). The resulting effective coupling of activity in
the local pyramidal neuron-PV neuron circuit (Figure 14A) likely contributes to the integration of
PV neurons into stimulus-specific ensembles of pyramidal neurons in V1 (Runyan et al., 2010;
Khan et al., 2018).

In DLPFC and V1, due to both a greater density of PV-expressing neurons and greater PV
mRNA expression per neuron, PV mRNA levels were higher in layer 4 than layer 2. The ratios of
GAD65/GAD67 (Figure 7A and 4B) and GABRA1/GABRAZ2 (Figure 8A and 5B) mRNAs were
also higher in layer 4 than layer 2. Although we cannot be certain of the cellular origins of these
ratios, their similarities with PV mRNA suggest that GABA neurotransmission from PV neurons
is characterized by 1) relatively higher levels of GAD65, enhancing the ability of PV neurons to
synthesize GABA under conditions of repetitive firing (Patel et al., 2006a); and 2) fast synaptic
inhibition mediated by the faster decay kinetics of GABAA receptors enriched in al versus a2
subunits (Farrant & Nusser, 2005), enhancing rapid perisomatic inhibition and synchronization of

pyramidal neurons at high frequencies (Gonzalez-Burgos et al., 2015; Farrant & Nusser, 2005).

2.4.2 Functional Implications of Distinct Complements of GABA Neuron Subtypes in

DLPFC and V1

The few systematic studies of inhibitory interneurons across cortical regions generally
support the notion that the PV/SST neuron ratio is highest in primary sensory areas (such as V1)
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and lowest in association areas (such as DLPFC) in both rodents (Kim et al., 2017) and primates
(Torres-Gomez et al., 2020). However, important species differences exist between rodents and
primates with regard to the molecular markers that distinguish interneuron subtypes. For example,
the primate neocortex apparently lacks SST neurons that co-express CR, whereas approximately
30% of SST neurons in the rodent neocortex co-express CR (Xu et al., 2006). Moreover, CB and
CR do not appear to colocalize in primate cortex (Condé et al., 1994) but do in rodent cortex (Park
et al.,, 2002). Such differences may reflect distinct developmental trajectory of these neurons
between species (Petanjek et al., 2009; Clowry, 2015). Therefore, our present findings of
distinctive patterns of GABA neurons in primate neocortex have important implications for
understanding both normal information processing in the primate and human brain and how
alterations to GABA neurons in neuropsychiatric diseases may disrupt that information processing.

In the primate neocortex, layer 2 primarily receives corticocortical inputs whereas layer 4
also receives thalamocortical inputs in both DLPFC and V1. Given that the weighting of SST-
mediated inhibition is greater in 2, these neurons are positioned to gate the numerous sources of
corticocortical inputs to this layer. Consistent with this notion, SST-mediated inhibition is also
greatest in an association region (DLPFC) thought to receive and integrate numerous inputs from
other cortical regions (Barbas & Rempel-Clower, 1997). In contrast, PV-mediated inhibition
appears to be preferentially enriched in layer 4, the site of the majority of thalamocortical inputs
in DLPFC and V1 (Giguere & Goldman-Rakic, 1988; Lund, 1988). Although the nature of the
relationship between PV-mediated inhibition and thalamocortical inputs requires further
investigations, based on findings that thalamocortical inputs target both excitatory pyramidal
neurons and inhibitory PV+ neurons (Freund et al., 1989; DeFelipe & Jones, 1991; Melchitzky et

al., 1999; Cruikshank et al., 2007), the PV-enrichment in layer 4 and in V1 might be critically
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positioned to regulate feedforward inhibition of thalamocortical circuits (Kruglikov & Rudy,
2008).

Across primate neocortical regions, intrinsic differences in timescales exist along a cortical
hierarchy, such that primary sensory areas (e.g., V1) exhibit brief, transient responses to input,
whereas association areas (e.g., DLPFC) exhibit longer responses to and integrate inputs over time
(Murray et al., 2014a; Chaudhuri et al., 2015). These regional differences in timescales likely
reflect the constituent components of the microcircuits in each region, such as differences in the
intrinsic properties of pyramidal neurons across the cortical hierarchy (Elston, 2002; Amatrudo et
al., 2012; Gonzalez-Burgos et al., 2019). The relative greater representation of SST neurons in the
DLPFC and of PV neurons in V1 (Figure 14B, C) found in the present study and in prior reports
(Kim et al., 2017; Torres-Gomez et al., 2020) suggests that regional specificity in the complement
of GABA neuron subtypes likely also contributes to the variation in timescales across regions. For
example, SST-mediated inhibitory currents are initially weakly depressing and later facilitating
(Ma et al., 2012), subsequently leading to a longer time frame of inhibition over dendritic inputs
and longer timescales as observed in the DLPFC. In contrast, PV-mediated inhibitory currents are
rapidly depressing, leading to a much shorter time frame of inhibition (Pouille & Scanziani, 2001;
Cardin, 2018) and a shorter timescales as observed in V1. Thus, regional differences in the
complement of either perisomatic (PV)-targeting or dendritic (SST)-targeting GABA neuron
subtypes likely contribute to the heterogeneity in timescales across cortical regions, timescales
which likely underlie region-specific types of information processing.

The present findings, which demonstrate laminar and cellular bases for regional differences
in the intrinsic properties of neural circuits in the primate neocortex, might also provide insight

into the nature of cortical interneuron alterations in various psychiatric disorders (Luscher et al.,
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2011; Robertson et al., 2016; Dienel & Lewis, 2019). For example, schizophrenia is associated
with deficits in total gray matter levels of PV mRNA in both DLPFC and V1 (Tsubomoto et al.,
2019). In both regions, this finding appears to be due to lower PV mRNA levels per neuron, rather
than fewer neurons, in the illness (Woo et al., 1997; Chung et al., 2016a; Enwright et al., 2016).
Because PV mRNA levels per neuron are higher in V1 than DLPFC, schizophrenia-associated
deficits in PV mRNA levels might be expected to be greater in V1 than DLPFC. Consistent with
this idea, the average deficit in PV mRNA levels in V1 is approximately twice the deficit observed
in DLPFC in the same subjects with schizophrenia (Tsubomoto et al., 2019). Although both PV
and SST neurons appear to be affected across cortical regions in schizophrenia, the functional
impact of these alterations likely differs based on the layer and region in which they occur. Our
findings of regional, laminar, and cellular differences in GABA neuron transcripts in the present
study can similarly inform the design and interpretation of other studies of GABA neuron subtypes

in psychiatric disorders.
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3.0 THE NATURE OF PREFRONTAL CORTICAL SOMATOSTATIN TRANSCRIPT
ALTERATIONS IN SCHIZOPHRENIA: MARKEDLY LOWER GENE

EXPRESSION WITHOUT MISSING NEURONS

Adapted from: Dienel SJ, Fish KN, and Lewis DA. The Nature of Prefrontal Cortical
GABA Alterations in Schizophrenia: Markedly Lower Somatostatin and Parvalbumin Gene

Expression without Missing Neurons. submitted.

3.1 INTRODUCTION

Alterations in markers of cortical gamma-aminobutyric acid (GABA) signaling are among
the most widely replicated findings in postmortem brain studies of schizophrenia (Dienel & Lewis,
2019; de Jonge et al., 2017). In the dorsolateral prefrontal cortex (DLPFC), consistent findings of
lower levels of gene products related to GABA neuron signaling converge on the notion that
inhibitory neurotransmission signaling is weaker in people with schizophrenia (Dienel & Lewis,
2019). Lower tissue levels of GABA-related transcripts could be a consequence of lower levels of
these transcripts per neuron, fewer neurons that contain these transcripts, or both. Discriminating
among these possibilities has major implications both for understanding the pathogenesis of
GABA neuron dysfunction in schizophrenia and for developing novel treatment strategies. For
example, the possibility of missing neurons in the DLPFC of schizophrenia, due to either
incomplete neural migration or excessive neuronal death (Duchatel et al., 2019b; Akbarian et al.,

1996; Kaar et al., 2019), has motivated interest in transplantation of embryonic GABA neurons as
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a therapeutic strategy (Inan et al., 2013; Southwell et al., 2014). In contrast, the alternative view
that cortical GABA neurons are present but functionally altered in schizophrenia has motivated
efforts to develop therapeutics that augment the function of the affected GABA neuron subtypes
(Lewis & Sweet, 2009; Xu & Wong, 2018).

All published studies to date, whether using markers of all GABA neurons or of specific
subsets of GABA neurons, have not been able to definitively determine whether lower levels of
GABA-related transcripts reflect deficits in neuron number or gene expression per neuron. Indeed,
the first study of the mRNA encoding the 67-kiloDalton isoform of glutamic acid decarboxylase
(GAD67) mRNA, a principal GABA synthesizing enzyme in the cortex, illustrates this challenge.
The authors found markedly fewer neurons that were detectable by single label in situ
hybridization for GAD67 mRNA in the DLPFC of people with schizophrenia (Akbarian et al.,
1995), findings that were interpreted as lower expression per neuron given that the density of all
Nissl-stained neurons was not altered in the same individuals (Akbarian et al., 1995). However,
other investigators reported that the density of small Nissl-stained neurons, presumably GABA
neurons, was lower in the DLPFC of people with schizophrenia (Benes et al., 1991).

Studies of the subset of GABA neurons that contain the calcium-binding protein
parvalbumin (PV) have produced similar interpretive challenges. Although lower levels of PV
MRNA in schizophrenia have been confirmed in multiple studies of DLPFC tissue homogenates
(Volk et al., 2016; Hashimoto et al., 2008a; Fung et al., 2010; Tsubomoto et al., 2019; Joshi et al.,
2015; Morris et al., 2008), the nature of this deficit remains a matter of debate (Kaar et al., 2019;
Dienel & Lewis, 2019). Studies that measured PV mRNA at a cellular level of resolution reported
lower levels of PV mRNA per neuron without a deficit in PV mRNA-positive neuron density

(Hashimoto et al., 2003; Bitanihirwe & Woo, 2014), whereas some (Reynolds & Beasley, 2001,
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Sakai et al., 2008; Beasley & Reynolds, 1997), but not all (Tooney & Chahl, 2004; Woo et al.,
1997; Chung et al., 2016a; Enwright et al., 2016), protein-based studies reported a lower density
of PV-immunoreactive neurons in schizophrenia. Interpretive uncertainty also exists for studies of
somatostatin (SST), a neuropeptide present in a different subpopulation of cortical GABA neurons.
SST mRNA levels are markedly lower in DLPFC tissue homogenates from people with
schizophrenia (Volk et al., 2016; Fung et al., 2010; Fung et al., 2014; Tsubomoto et al., 2019), and
the only single-label in situ study reported both fewer SST mRNA-positive neurons and lower SST
MRNA levels per positive neuron in schizophrenia (Morris et al., 2008).

One possible explanation for these apparently disparate findings is that the levels of the
identifying gene products, SST and PV, are lower in many of these GABA neurons in
schizophrenia, with the levels falling below the level of detection for the methods employed in
some neurons (Stan & Lewis, 2012). In particular, using SST or PV, the levels of which are
markedly lower in schizophrenia, as the sole label to identify the neurons of interest, and then
quantifying the relative densities of neurons containing each label, conflates the independent and
dependent variables and clouds interpretive clarity. Indeed, all prior studies that used single label
methods could not dissociate the presence of PV or SST neurons from the detectability of the
identifying transcripts. Thus, counting neurons based on the detectability of a transcript in the
presence of lower tissue levels of that transcript means that some neurons could be “missed” even
if they are not “missing.”

Here, we sought to address the challenge of determining whether lower tissue levels of SST
and PV mRNAs in schizophrenia are due to lower levels of these transcripts per neuron, fewer
neurons that contain these transcripts, or both. To do so, we developed a new multiplex fluorescent

in situ hybridization strategy to label four mRNA targets simultaneously with cellular resolution.
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This approach, which has not previously been used in postmortem human brain studies, permits
the independent determination of transcript levels per neuron and neuron density without
conflating the two measures. Specifically, proxy markers (i.e., transcripts that are expressed in
SST and PV neurons but whose expression in the DLPFC is not altered in schizophrenia were used
to independently identify SST and PV neurons and then levels of SST and PV in those neurons
were quantified. We focused our analysis on layers 2 and 4 of the human DLPFC as these layers
exhibit the highest density of GABA neurons (Akbarian et al., 1995; Volk et al., 2000; Hornung
& De Tribolet, 1994) and are differentially enriched for SST and PV neurons, respectively
(Hashimoto et al., 2003; Morris et al., 2008; Dienel et al., 2021). Given that the only stereological
analysis of total neuron number found a normal complement of neurons in the frontal lobe of
people with schizophrenia (Thune et al., 2001), we predicted that levels of SST and PV mRNAs

per neuron are lower without a difference in neuron density in schizophrenia.

3.2 METHODS

3.2.1 Human postmortem brain tissue specimens

Brain specimens (n = 60) were obtained during routine autopsies conducted at the
Allegheny County Office of the Medical Examiner (Pittsburgh, PA, USA, n = 57) or the Davidson
County Medical Examiner’s Office (Nashville, TN, USA, n =3) after consent was obtained from
the next-of-kin. An independent team of clinicians made consensus, lifetime DSM-IV diagnoses
for each subject using the results of an extensive psychological autopsy, including structured

interviews with family members and review of medical records, as well as toxicological and
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neuropathological reports (Glausier et al., 2020b). Unaffected comparison individuals had no
known history of psychiatric or neurological disorders except for in remission psychiatric
diagnoses in one subject specified (see footnotes in Appendix Table 1). The listed race and
biological sex of the decedents (Table 3; Appendix Table 1) reflect the concurrence of
information available in the autopsy report and next-of-kin interviews. All procedures were
approved by the University of Pittsburgh Committee for Oversight of Research and Clinical

Training Involving Decedents and Institutional Review Board for Biomedical Research.

Table 3. Summary Demographic and Tissue Characteristics of Brain Tissue Specimens used in Chapter 3.0.

Measure éjor:gg:?;[:éjn Schizophrenia Statistics

N 30 30 N/A

Sex 22M/8F 22M/8F N/A
Race 25W/5B 23W/7B x?=0.42, p=0.52
Age (years) 51.5+14.3 50.1£13.8 t1,58=0.40; p=0.70
Body Mass Index 28.6 +6.1 28.3+8.2 t1,56=0.15; p=0.88
inf;f};‘?‘g;f{:?s) 19.0+5.7 19.0+8.6 t156=0.04; p=0.97
Brain pH 6.7+0.2 6.5+0.3 t1,58=2.6; p=0.01
RIN 8.2+0.6 8.0+0.7 t156=1.2; p=0.22
T'Ssu(e nfg?]rt?g‘; time 5029+ 47.0 206.7 + 56.1 t1.56=0.29; p=0.78

Values shown are mean + standard deviation

As the goal of the present study was to understand the nature of the SST and PV mRNA
deficits in gray matter homogenates, we selected postmortem samples of individuals with
schizophrenia from a study of SST and PV transcript levels in DLPFC total gray matter

homogenates (Volk et al., 2016) which had lower levels of both SST and PV mRNAs relative to
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their matched comparison subjects. In the resulting 30 pair cohort, subjects with schizophrenia had
mean deficits of 50.1% in SST mRNA and 36.7% in PV mRNA levels. In the prior and present
study, a matched pair design in which each schizophrenia subject was matched to one unaffected
comparison subject perfectly for sex and as closely as possible for age (Appendix Table 1), was
employed to reduce biological variance between groups and to control for experimental variance
at every stage of the experiment. Mean age, postmortem interval (PMI), RNA integrity number
(RIN) and storage time at —80°C did not differ between subject groups, nor did race distribution
(Table 3). Although brain pH significantly differed between groups, the mean difference was 0.2

pH units and of uncertain biological significance.

3.2.2 Fluorescent in situ hybridization tissue labeling

For each subject, fresh-frozen coronal tissue blocks containing right DLPFC area 9 were
mounted in a cryostat and sections 20 um in thickness were cut, thaw-mounted onto SuperFrost
slides (ThermoFisher), and stored at -80°C until tissue labeling. mRNA probes were designed by
Advanced Cell Diagnostics, Inc (Hayward, CA, USA) to detect mMRNAs encoding somatostatin
(SST), parvalbumin (PV; PVALB), SRY-box transcription factor 6 (SOX6), and the vesicular
GABA transporter (VGAT; SLC32A1) (Appendix Table 3). VGAT was used as a GABA neuron
marker as it is expressed by all GABA neurons but no other cell types, and levels of VGAT mRNA
are unaltered or only modestly lower in the DLPFC of people with schizophrenia (Fung et al.,
2011; Hoftman et al., 2015). SOX6 (Azim et al., 2009; Batista-Brito et al., 2009), which is
selectively expressed in SST and PV neurons due to their shared embryonic origin in the medial

ganglionic eminence and which continues to be robustly expressed in the adult primate neocortex
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(Ma et al., 2013), was used to distinguish SST and PV neurons from other GABA neurons. See

Appendix C for details about probe fluorophore assignments and mRNA labeling protocols.

3.2.3 Sampling

Images were collected on a custom widefield Olympus 1X83 inverted microscope (Center
Valley, PA, USA) equipped with a 6-line (350-, 405-, 488-, 568-, 647-, 750-nm) Spectra Il light
engine (Lumencor). The present study focused sampling on layers 2 and 4 for imaging as these
layers are known to be differentially enriched for SST and PV neurons, respectively (DeFelipe,
1993; Morris et al., 2008; Hashimoto et al., 2003; Dienel et al., 2021). Each imaging site was
collected as a 3D image stack (2D images successively captured at intervals separated by 0.25 um
in the z-dimension). Autofluorescence from lipofuscin was imaged in a separate channel, as
previously described (Fish et al., 2018; Rocco et al., 2016a). See Appendix C for details on

imaging parameters.

3.2.4 Image processing

For segmenting fluorescent grains, a Gaussian filter was applied for each channel (except
DAPI) by calculating a difference of Gaussians using sigma values of 0.7 and 2 in MATLAB, and
an average z-projection algorithm was used to generate a 2D representation of the 3D image stack.
Lipofuscin was subtracted from the image (see Appendix C for details). DAPI-labeled nuclei were
segmented using a deep learning algorithm, and fluorescent grains were counted within a cellular
region of interest constituting the segmented nucleus and a 2 um perimeter around the nucleus

using CellProfiler 4.2.0 (Stirling et al., 2021). Cells were classified based on the specific
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expression of a given transcript above background levels, and relative expression per cell was
quantified as the average grain density per cell (grains/um?). See Appendix C for details on cell

segmentation and classification.

3.2.5 Statistical Analysis

Diagnostic differences in two dependent measures, the relative density of positive cells and
grain density per cell, were evaluated for each cell type using linear mixed models (Kuznetsova et
al., 2017). These models included main effects of diagnosis, layer, and diagnosis-by-layer
interaction. Covariates included age, sex, PMI, pH, and RIN, with human subject included as a
random factor. Storage time was not included as a covariate because it has been shown in prior
studies to not influence SST or PV mRNA expression (Hoftman et al., 2015; Volk et al., 2016).
Within each layer, post-hoc testing was conducted using estimated marginal means derived from
the mixed model (Lenth, 2022). We report an overall F-test for the main effects of diagnosis, layer,
and an interaction for each measure, and we report posthoc t-tests for within-layer diagnosis effects
derived from the main models. Statistical significance was set at a. = 0.05. Group differences for
grain density per neuron were compared using the average grain density per neuron (grains/pm?)
in each layer per subject. Likewise, analyses for neuron density were conducted on values of
neurons/mm? in each layer per subject. All statistical analyses and figure generation were
conducted in R (R Core Team, 2018; Kassambara, 2021 ; Wickham et al., 2017; Morey & Rouder,
2018; Kuznetsova et al., 2017; Lenth, 2022). All values listed in the text are mean + standard
deviation.

Effect sizes were computed for each dependent measure within a layer, with negative

values indicating a lower value in the schizophrenia group relative to the unaffected comparison
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group. Bayes’ Factors were used to evaluate the strength of the evidence in favor of either the
alternative or null statistical hypotheses (Keysers et al., 2020). Bayes’ factors values are reported
relative to the alternate hypothesis notation, designated as BFi0. We use Jeffrey’s interpretation of
BF values (Jeffreys, 1961): BF1o values of 3-10 are considered substantial evidence in favor of the
alternative hypothesis, 10-100 are considered strong evidence, and >100 are considered decisive
evidence; BFio values of 0.10-0.33 are considered substantial evidence in favor of the null
hypothesis, 0.01-0.10 are considered strong evidence, and <0.01 are considered decisive evidence.

See Appendix C for analyses of comorbid factors in schizophrenia subjects.
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3.3 RESULTS

3.3.1 Laminar distribution of GABA Neurons in DLPFC of unaffected comparison subjects

Fluorescent in situ hybridization revealed robust labeling of all four mRNA targets. Most
VGAT/SOX6-dual expressing neurons were either SST or PV mRNA-positive (Figure 15;
Appendix Figure 1). Conversely, almost all SST and PV neurons expressed both VGAT and
SOX6 mRNAs, and, as expected, VGAT neurons without SOX6 expressed neither SST nor PV
(Figure 15A). For the SZ subject in Pair 2 (Appendix Table 1) labeling of all four target MRNAS
was poor; data from this pair was removed from the analysis.

In the unaffected comparison subjects, the density of VGAT/SOX6-dual expressing
neurons was very similar in both layer 2 (61.9 + 15.5 neurons/mm?) and layer 4 (59.9 + 9.9
neurons/mm?). The density of VGAT neurons without SOX6 was greater in layer 2 (56.6 + 13.9
neurons/mm?) than layer 4 (28.0 + 6.8 neurons/mm?), consistent with prior findings that caudal
ganglionic eminence-derived interneurons are enriched in the superficial layers of the primate
neocortex (DeFelipe, 1993). Among VGAT/SOX6-positive cells, the density of those expressing
SST was greater in layer 2 (36.0 £+ 11.5 neurons/mm?) than 4 (22.2 + 5.7 neurons/mm?), whereas
the density of cells expressing PV was greater in layer 4 (31.7 £ 7.0 neurons/mm?) than 2 (13.4 +
6.1 neurons/mm?), replicating prior studies of the differential laminar distribution of SST and PV

neurons (Morris et al., 2008; Hashimoto et al., 2003; Dienel et al., 2021).
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Figure 15. Representative high magnification (60x objective) images of multiplex fluorescent in situ
hybridization.

Images shown are from a single unaffected comparison individual (HU1792), and both layer 2 (top row) and layer 4
(bottom row) are shown. Each row illustrates represent a single multichannel fluorescent image, and within each row
colors represent separate fluorophores. A1) and B1) DAPI counterstain of neuronal cell nuclei (dark gray). Lipofuscin
granules (lighter gray) are evident as clusters over neuronal nuclei and surrounding cytoplasm (not labeled). A2) and
B2) Segmented nuclei are indicated by gray outlines. Nuclei expressing both VGAT and SOX6 mRNAs are
highlighted with magenta and white boundaries that demarcate the perinuclear area in which fluorescent mRNA grains
were counted. Nuclei with only a white perinuclear boundary are VGAT nuclei that lack SOX6 mRNA. A3) and B3)
VGAT/SOX6-expressing nuclei that contain SST (yellow arrows) or PV (blue arrows) mRNA. Scale bars in Al and
B1 equal 30 um and apply to all panels in the same row.
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3.3.2 Markedly lower levels of SST and PV mRNA per neuron without a deficit in neuron

density in schizophrenia

In SST neurons, levels of SST MRNA per neuron were markedly lower in individuals with
schizophrenia relative to unaffected individuals (F1,51 = 40.7, p < 0.0001) in both layers 2 (d = —
1.5; t-ratio = 5.3, p < 0.0001) and 4 (d = -1.6; t-ratio = 6.7, p < 0.0001) (Figure 16A). SST mRNA
levels per neuron were lower in the schizophrenia subject in 24/29 and 26/29 subject pairs in layers
2 and 4, respectively (Figure 16B); in general, in SZ subjects the distribution of SST levels per
neuron appeared to be left shifted in both layers (Appendix Figure 2A). In contrast, the relative
density of SST neurons did not differ between subject groups (Fi1s1 = 0.001, p = 0.97) in either
layer 2 or 4 (Figure 16C, 16D). Bayes’ Factor substantially supported the evidence of no group
difference in SST neuron density in either layer (both BFio < 0.27). In addition, SST levels per
neuron averaged across both layers were positively correlated (r = 0.86, p < 0.0001; Appendix
Figure 3A) with SST transcript levels measured previously by qPCR in total tissue homogenates
in these same subjects (Volk et al., 2016), whereas the density of SST neurons was not (r = 0.23,
p =0.09; Appendix Figure 3B); these comparisons further support the hypothesis that lower tissue

levels of SST mMRNA in schizophrenia reflect solely lower SST mRNA levels per neuron.
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Figure 16. SST mRNA levels per SST neuron and relative density of SST neurons in schizophrenia.

SST neurons were defined as any nucleus that contained SST, VGAT, and SOX6 mRNAs. A) Boxplots of the median,
quartile, and 95% range of unaffected comparison (UC) and schizophrenia (SZ) for SST mRNA expression per SST
neuron. Within the boxplots, values for Cohen’s d, the posthoc between group comparison p-value, and the Bayes’
Factor (BF) in favor of the alternate hypothesis are shown; bolded effect sizes and p-values indicate large and
statistically significant effects. B) SST levels per SST neuron shown as unity plots. In these plots, individual points
represent a matched subject pair; the x-axis shows the value for the unaffected comparison individual and the y-axis
shows the value for the individual with schizophrenia. Points below the unity line indicate a lower value in the
individual with schizophrenia relative to their matched unaffected comparison individual. SST mRNA levels per
neuron were lower in the SZ individual in 24/29 and 26/29 subject pairs in layers 2 and 4, respectively. C) Boxplots
of the median, quartile, and 95% range of UC and SZ for the relative density of SST neurons in each layer. The bolded
BF value indicates substantial evidence in favor of the null hypothesis. D) Unity plot of the individual subject data for
the relative density of SST neurons in each layer. In all panels, data are shown for 29 subject pairs.
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In PV neurons, levels of PV mRNA were markedly lower in schizophrenia (F151 = 14.0, p
= 0.0005). The diagnosis-by-layer interaction was also significant (F1ss = 18.7, p < 0.0001),
reflecting the fact that PV levels were lower in layer 4 (d = —1.1), but not in layer 2 (d = -0.23), in
schizophrenia relative to unaffected individuals (Figure 17A). In layer 4, cellular levels of PV
mMRNA were lower in the schizophrenia subject in 24/29 of the pairs (Figure 17B) and the
distribution of PV levels per neuron appeared to be left-shifted in schizophrenia (Appendix Figure
2B). The relative density of PV neurons did not differ between subject groups (Fi1,51 = 0.05, p =
0.83) in either layer 2 or 4 (Figure 17C, 17D), and Bayes’ Factor substantially supported the
evidence of no group difference in both layers (both BF10 < 0.27). In addition, PV levels per neuron
in layer 4 were highly correlated (r = 0.55, p < 0.0001; Appendix Figure 3C) with PV transcript
levels measured previously by gPCR in total tissue homogenates in these same subjects (Volk et
al., 2016), whereas the density of PV neurons was not (r < 0.01, p > 0.99; Appendix Figure 3D);
these comparisons further support the hypothesis that lower tissue levels of PV mRNA In

schizophrenia reflect solely lower PV mRNA levels per neuron in layer 4.
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Figure 17. PV mRNA levels per PV neuron and relative density of PV neurons in schizophrenia.

PV neurons were defined as any nucleus that contained PV, VGAT, and SOX6 mRNAs. A) Boxplots of the median,
quartile, and 95% range of unaffected comparison (UC) and schizophrenia (SZ) for PV mRNA expression per PV
neuron. Within the boxplots, values for Cohen’s d, the posthoc between group comparison p-value, and the Bayes’
Factor (BF) in favor of the alternate hypothesis are shown; bolded values indicate large and statistically significant
effects for PV levels per PV neuron in layer 4, while the bolded BF value indicates substantial evidence for the null
hypothesis for PV levels per PV neuron in layer 4. B) PV levels per PV neuron shown as individual subject data as
unity plots. In these plots, individual points represent a subject pair, and the x-axis shows the value for the unaffected
comparison individual and y-axis shows the value for the individual with schizophrenia. Colors indicate the layer for
which the data are shown. Points below the line indicate a lower value in the individual with schizophrenia relative to
their matched unaffected comparison individual. For PV mRNA levels per neuron, PV mRNA levels were lower in
the SZ individual in 24/29 subject pairs in layer 4. C) Boxplots of the median, quartile, and 95% range of UC and SZ
subjects for the relative density of PV neurons in each layer. The bolded BF values in panel C indicate substantial
evidence in favor of the null hypothesis. D) Unity plot of the individual subject data for the relative density of PV
neurons in each layer. In all graphs, data are shown for 29 subject pairs in each layer.
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3.3.3 Unaltered density of VGAT/SOX6 neurons in layer 2 or 4 of the DLPFC in

schizophrenia

To assess the robustness of the finding that the densities of SST and PV neurons were not
altered in schizophrenia, we also quantified the density of VGAT/SOX6 co-expressing neurons in
both layers, independent of the presence of SST or PV mRNAs. The density of VGAT/SOX6
neurons did not differ between subject groups (F151 = 3.1, p = 0.08) in either layer 2 (t-ratio = —
1.8, p = 0.08) or 4 (t-ratio = 1.0, p = 0.32) (Figure 18A, B). In addition, consistent with prior
findings (Hoftman et al., 2015; Volk et al., 2012) that VGAT and SOX6 mRNA levels in total
DLPFC gray matter are not significantly altered or only modestly altered in schizophrenia, we did
not find evidence of lower VGAT (Fi51 = 2.0, p = 0.17) or SOX6 (Fi51 = 2.1, p = 0.15) per

VGAT/SOX6 neuron in schizophrenia in either layer (Appendix Figure 4).

3.3.4 Influence of comorbid factors on SST and PV levels per neuron in schizophrenia

Levels of SST mRNA per neuron in either layer 2 or 4, or levels of PV mRNA per neuron
in layer 4, in schizophrenia subjects did not appear to differ on the basis of death by suicide, a
diagnosis of schizoaffective disorder, comorbid substance or alcohol use disorder at time of death,
or nicotine, antipsychotic, antidepressant, or benzodiazepine/antiepileptic use at time of death

(Appendix Figures 5 and 6).
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Figure 18. Relative densities of all VGAT/SOX6 neurons independent of the presence of absence of SST or PV
MRNAs.

(A) Boxplots of the median, quartile, and 95% range of unaffected comparison (UC) and schizophrenia (SZ) for the
relative density of VGAT/SOX6 neurons. Within the boxplots, values for Cohen’s d, the posthoc between group
comparison p-value, and the Bayes’ Factor (BF) in favor of the alternate hypothesis are shown. (B) The relative density
of VGAT/SOX6 neurons shown as individual subject data as unity plots. In these plots, individual points represent a
subject pair, and the x-axis shows the value for the unaffected comparison individual and y-axis shows the value for
the individual with schizophrenia. Points below the line indicate a lower value in the individual with schizophrenia
relative to their matched unaffected comparison individual. In all graphs, data are shown for 29 subject pairs in each
layer.
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3.4 DISCUSSION

Deficits in DLPFC tissue levels of SST and PV mRNA levels have been reported in
multiple cohorts of subjects with schizophrenia by several research groups using different
guantitative methods (Volk et al., 2016; Fung et al., 2010; Hashimoto et al., 2008a; Morris et al.,
2008; Choi et al., 2008; Fromer et al., 2016; Pérez-Santiago et al., 2012). However, the nature of
those deficits has been unclear, with some reviews suggesting that schizophrenia is associated with
fewer GABA neurons (Reynolds, 2021; Kaar et al., 2019) and others suggesting that GABA
neurons are functionally altered but not fewer in number in the illness (de Jonge et al., 2017; Sohal,
2022). Critically, the prior studies on which these interpretations are based lacked the technical
capacity to distinguish unequivocally between these alternative views. Here, using a new multi-
label technique that overcomes the technical limitations of prior studies, we found strong evidence
that schizophrenia is associated with lower SST and PV mRNA levels per neuron in the DLPFC
without a difference in the relative density of either GABA neuron subtype. Thus, the basis for
lower tissue levels of SST and PV mRNAs in schizophrenia is lower gene expression per neuron
and not fewer neurons. As discussed below, these findings have major implications for
understanding the pathogenesis of GABA neuron alterations in schizophrenia and for the design

of therapeutic interventions targeting these alterations.

3.4.1 Novel multiplex in situ hybridization approaches illuminate the basis for SST and PV

expression deficits in schizophrenia

Prior studies of SST and PV mRNA (or PV protein) in postmortem studies of schizophrenia

at the cellular resolution have produced mixed findings as to whether the density of these neurons
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is lower in the disorder. These mixed findings likely reflect multiple technical limitations of these
prior studies. The few studies which have examined SST or PV mRNAs with cellular resolution
have reported lower levels of SST and PV mRNA per neuron (Morris et al., 2008; Hashimoto et
al., 2003), suggesting that this deficit was due to lower gene expression per neuron. However, the
latter study also reported fewer SST mMRNA-positive neurons (Morris et al., 2008). Studies of PV
neuron density in the DLPFC of subjects with schizophrenia have produced mixed results
(Reynolds & Beasley, 2001; Sakai et al., 2008; Beasley & Reynolds, 1997; Chung et al., 2016a;
Enwright et al., 2016). Importantly, in all published studies to date of SST or PV neuron density
in schizophrenia, lower gene expression per neuron could render some SST or PV neurons
undetectable using the single-label methods employed.

The approach used in the current study has several advances over the prior methods,
providing a clearer picture of the nature of SST and PV mRNA deficits in schizophrenia. First,
relative to earlier radiolabeled in situ hybridization assays, fluorescent in situ hybridization assays
have both markedly higher sensitivity and specificity and lower background grain density (Erben
& Buonanno, 2019; Wang et al., 2012). For example, using single label in situ hybridization for
SST mRNA in schizophrenia, we previously reported a lower density of SST mRNA-positive
neurons (Morris et al., 2008); however, the high background labeling of MRNA grains in that study
rendered low-expressing neurons difficult to detect. The findings of the present study clarify that
neurons with low SST expression are still present in schizophrenia.

In addition to a normal complement of SST neurons in schizophrenia, we also found that
the density of PV mRNA-expressing neurons was not altered in the illness. Thus, prior studies
reporting lower densities of PV-immunoreactive neurons in schizophrenia (Kaar et al., 2019) may

have been confounded by a limited ability to detect those neurons given the techniques employed.
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For example, in the same tissue sections from schizophrenia and unaffected comparison
individuals, a deficit in PV neuron density which appeared to be present at lower magnification
was clearly not present at higher magnification (Enwright et al., 2016). Similarly, prior studies
which reported a deficit in PV-immunoreactive neuron density in paraffin-embedded sections
(Beasley et al., 2002) were likely confounded by the reduced immunoreactivity associated with
that approach (Stan & Lewis, 2012), an interpretation supported by findings of no schizophrenia-
associated deficits in PV-immunoreactive neuron density in studies using immunohistochemical
methods with more robust antigen detection (Woo et al., 1997; Enwright et al., 2016; Chung et al.,
2016a).

Second, even with methodological advances that improve sensitivity for detecting labeled
neurons, approaches that rely on visualizing SST or PV alone still conflate the presence of the
neuron with the expression level of the index transcript. Here, simultaneously labeling for both
SST and PV in concert with their colocalization with independent proxy markers of these neurons
(VGAT and SOXG6) has rigorously demonstrated that the densities of SST and PV neurons are not
altered in schizophrenia. This interpretation is particularly robust given that we used a cohort of
subjects with pronounced deficits in SST and PV mRNA levels in DLPFC total gray matter (Volk
etal., 2016) in order to maximize the likelihood of detecting a deficit in SST or PV neuron density
in schizophrenia if one existed.

Finally, proper interpretation of null results requires more evidence than is available from
p-values generated by frequentist statistical tests (Keysers et al., 2020). Bayes’ Factors (Kass &
Raftery, 1995) provide a quantitative metric for evaluating the strength of the null hypothesis over
the alternative. Here, for all findings of neuron density, the statistical null hypothesis was at least

3 times more likely than the alternative, providing substantial evidence for no difference in neuron
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density between subject groups. In contrast, the evidence for the findings of lower SST or PV
MRNA per neuron can be considered decisive.

Together, the methods employed here provide multiple advances over prior methods to
strongly support the conclusion that SST and PV mRNA expression is lower, but that SST and PV
neurons are not missing, in the DLPFC of individuals with schizophrenia. We note that the present
study only indexes neuron density, not absolute neuron number, which can only be assessed using
stereological methods, but the only such study to date found no difference in total neuron number

in the frontal lobe of people with schizophrenia (Thune et al., 2001).

3.4.2 Implications for understanding the etiology of GABA neuron dysfunction in

schizophrenia

Our finding of a normal complement of SST and PV neurons in DLPFC layers 2 and 4
strongly argues that neither excessive death nor aberrant migration of these GABA neurons is
operative in the disease process of schizophrenia. The presence of lower expression levels of both
SST and PV mRNAs in schizophrenia is more likely to reflect upstream alterations in in the cortical
circuit shared by SST and PV neurons. The expression of both SST (Hou & Yu, 2013;
Papadopoulos et al., 1993; Marty, 2000; Marty & Onténiente, 1997; Benevento et al., 1995) and
PV (Donato et al., 2013; Carder et al., 1996) transcripts appear to be influenced by neuronal
activity, suggesting that deficient excitatory drive to these neurons in schizophrenia could account
for lower SST and PV mRNA levels. In monkey DLPFC, ~50% of local axon collaterals from
layer 3 pyramidal neurons innervate GABA neurons (Melchitzky et al., 2001), with most of these
synapses targeting PV neurons in layer 4 and most likely SST neurons in layer 2 (Melchitzky &
Lewis, 2003). In schizophrenia, convergent lines of evidence suggest that layer 3 pyramidal
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neurons are hypoactive in the DLPFC (Arion et al., 2015; Kimoto et al., 2015; Glausier et al.,
2020a), suggesting that weaker excitatory drive from layer 3 pyramidal neurons might contribute
to the activity-dependent downregulation of SST and PV mRNAs.

Alternatively, these alterations in SST and PV neurons might emerge in early development
in individuals who are diagnosed with schizophrenia later in life. Early environmental insults, such
as maternal immune activation, have been reported to alter the properties both SST (Duchatel et
al., 2019a) and PV (Canetta et al., 2016) neurons in rodent models, including lower expression
levels of both transcripts. Finally, altered gene expression in SST and PV neurons could reflect
independent, cell type-specific, alterations in schizophrenia. For example, altered alternative
splicing of ErbB4 in PV neurons could lead to fewer excitatory synapses onto these cells and
lower PV expression (Chung et al., 2016a; Chung et al., 2016b); consistent with this idea, ErbB4
splicing shifts are correlated with PV levels in schizophrenia (Chung et al., 2016b). Alterations to
N-methyl-D-aspartate receptors (NMDARS) have been posited to principally affect SST neurons
(reviewed in (Krystal et al., 2017)) and not PV neurons (Gonzalez-Burgos & Lewis, 2012),
suggesting that hypofunction of NMDARSs in SST neurons might contribute to lower activation of

these cells and subsequent downregulation of activity-dependent SST expression.

3.4.3 Implications for therapeutic strategies targeting cognitive dysfunction in

schizophrenia

If deficient inhibitory signaling from DLPFC SST and PV neurons represents part of the
neural substrate for cognitive dysfunction in schizophrenia (Smucny et al., 2022), augmenting the
excitability of these neurons could enhance inhibitory capacity and restore cognitive functions in
the disorder. Our present findings of a normal complement of SST and PV neurons suggests that
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these neurons are viable targets for novel pro-cognitive therapeutic interventions (Rudolph &
Knoflach, 2011; Ballard et al., 2009; Gill & Grace, 2014; Fee et al., 2021). Some preclinical
models provide support for this strategy. For example, a recent study found that positive allosteric
modulators acting at mGIuR1 receptors preferentially target SST (over PV) neurons and enhances
performance on certain working memory tasks in rodents (Maksymetz et al., 2021). Alternatively,
if SST and PV neuron alterations are a consequence of diminished excitatory drive from layer 3
pyramidal neurons (Melchitzky & Lewis, 2003), then augmentation of pyramidal neuron function,
and in turn more robustly engaging inhibitory neurotransmission from SST and PV neurons, could

restore normal circuitry activity in the DLPFC of individuals with schizophrenia.

3.4.4 Conclusions

Our study elucidates the nature of SST and PV neuron mRNA deficits in schizophrenia by
finding robust evidence for lower gene expression per neuron of both transcripts without a deficit
in neuron density in the DLPFC. These findings have important implications both for
understanding the pathogenesis of GABA neuron dysfunction and for informing novel strategies
for therapeutic interventions for cognitive dysfunction in schizophrenia. Future studies might
illuminate other alterations in SST and PV neurons in schizophrenia that could serve as new
therapeutic targets specific to either or both cell populations; the methodological strategies used in

the current study offer a road map for the conduct of such cell type-specific investigations.
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4.0 ALTERED LEVELS OF GLUTAMIC ACID DECARBOXYLASE 67 IN

PREFRONTAL CORTICAL SOMATOSTATIN NEURONS IN SCHIZOPHRENIA

Adapted from: Alterations in GADG67 Transcript Levels in Dendritic-Targeting
Somatostatin and Calretinin Neurons in the Prefrontal Cortex of Schizophrenia (in preparation)
and Diagnostic and Laminar Differences in GAD67 and GADG65 Transcript Levels in the

Dorsolateral Prefrontal Cortex (in preparation)

4.1 INTRODUCTION

The neural substrate for cognitive dysfunction in schizophrenia, including deficits in
working memory performance (Forbes et al., 2009), appears to include altered GABA signaling in
the dorsolateral prefrontal cortex (DLPFC) (Smucny et al., 2022). For example, in humans,
working memory performance is correlated with DLPFC GABA levels as measured by
spectroscopy (Chen et al., 2014; Yoon et al., 2016; Michels et al., 2012), and in monkeys,
disruptions of GABA signaling in the DLPFC impairs working memory performance (Sawaguchi
et al.,, 1989; Rao et al., 2000). In postmortem studies of schizophrenia, substantial evidence
suggests that signaling from certain GABA neurons the DLPFC is weaker (Smucny et al., 2022).
Thus, altered GABA neurotransmission in the DLPFC might contribute to the neural substrate for
working memory deficits reported in the disorder.

Levels of the mRNA for the 67 kilodalton isoform of glutamic acid decarboxylase

(GADG67; encoded by the GAD1 gene) have been consistently reported to be lower in the DLPFC
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of individuals with schizophrenia relative to unaffected comparison individuals (Volk et al., 2000;
Volk et al., 2016; Akbarian et al., 1995; Straub et al., 2007; Torrey et al., 2005; Woo et al., 2008;
Hyde et al., 2011). In addition, GAD67 mRNA levels in schizophrenia appear to be lower in both
layers 2 - superficial 3 and layers deep 3- 4 (Akbarian et al., 1995; Volk et al., 2000), laminar
zones containing the highest densities of GAD67-expressing neurons in the human and non-human
primate DLPFC (Akbarian et al., 1995; Volk et al., 2000; Dienel et al., 2021). These two laminar
zones are enriched for different subpopulations of GABA neurons, suggesting that different
subpopulations of GABA neurons might exhibit lower levels of GADG67 in schizophrenia. For
example, the middle layers (layers deep 3 -4) are enriched in parvalbumin (PV)-expressing basket
cells relative to other cortical layers in the human and non-human primate DLPFC (Hashimoto et
al., 2003; Dienel et al., 2021), and these neurons have been shown to the GAD67 mRNA deficit
in schizophrenia (Enwright lii et al., 2018; Hashimoto et al., 2003). Consistent with these findings,
GADG67 protein levels have been reported in the axon terminals of PV basket cells (Fish et al.,
2021; Curley et al., 2011). Together, these findings strongly indicate PV basket cells are one source
of lower GADG67 levels in schizophrenia.

However, PV basket cells are relatively sparse in layers 2 - superficial 3, suggesting that
other GABA neuron subtypes contribute to the GADG67 deficit in these layers in schizophrenia.
This laminar zone tends to be enriched for GABA neurons that express either the neuropeptide
somatostatin (SST) or the calcium-binding protein, calretinin (CR) (Condé et al., 1994; Dienel et
al., 2021; Gabbott & Bacon, 1996; DeFelipe, 1997). Multiple studies have found that SST mRNA,
but not CR mRNA, is lower in the DLPFC of individuals with schizophrenia (Hoftman et al., 2015;
Hashimoto et al., 2003; Chung et al., 2016b; Hashimoto et al., 2008a), suggesting that SST neurons

might also exhibit lower levels of GADG67 in schizophrenia. Moreover, levels of CR and GAD67
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MRNASs do not appear to be correlated in schizophrenia (Hashimoto et al., 2003). To date though,
no study has directly examined GADG67 levels within SST (or CR) neurons in the DLPFC of
schizophrenia.

Consequently, we conducted two studies with different levels of anatomic resolution in
postmortem brain tissue from individuals with schizophrenia and matched unaffected comparison
individuals. First, laser microdissection was used to capture samples of layers 2 - superficial 3
from the DLPFC of schizophrenia and unaffected comparison individuals. In these samples, we
used gPCR to quantify SST and GAD67 mRNA levels, with the prediction that both would be
lower in schizophrenia and that these measures would be correlated across subjects. In the second
study using a subset of schizophrenia and matched unaffected comparison individuals, we used
multiplex FISH to quantify GADG67 levels within SST and CR neurons in the same laminar zone.
Because levels of SST mRNA, but not CR mRNA, are lower in schizophrenia, we predicted that

GADG67 mRNA deficits would be specific to SST neurons.

4.2 METHODS

4.2.1 Postmortem Brain Tissue Specimens

Brain tissue specimens (n = 84) were obtained during routine autopsies conducted at the
Office of the Allegheny County of the Medical Examiner (Pittsburgh, PA, USA, n = 77) or the
Davidson County Medical Examiner’s Office (Nashville, TN, USA, n = 7) after consent was
obtained from the next-of-kin. An independent team of clinicians made consensus, lifetime DSM-

IV diagnoses for each subject using the results of an extensive psychological autopsy, including
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structured interviews with family members as well as review of medical records and toxicological
and neuropathological reports (Glausier et al., 2020b). Unaffected comparison individuals had no
known history of psychiatric or neurological disorders except for minor or in remission psychiatric
diagnoses in 6 individuals (for details, see footnotes in Appendix Table 2). The listed race and
biological sex of the decedents (Table 4; Appendix Table 2) reflect the concurrence of
information available in the autopsy report and next-of-kin interviews. All procedures were
approved by the University of Pittsburgh Committee for Oversight of Research and Clinical

Training Involving Decedents and Institutional Review Board for Biomedical Research.

4.2.2 Laser microdissection

Cryostat sections (12 pm) were cut from coronal blocks of the right DLPFC that contained
Brodmann area 9. Sections were thaw-mounted onto glass polyethylene naphthalate membrane
slides that had been UV treated at 254 nm for 30 minutes, dried briefly, and stored at —80°C. On
the day of laser microdissection, slides were immersed in an ethanol-acetic acid fixation solution

and stained for thionin, as previously described (Dienel et al., 2021).
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Table 4. Summary Demographic and Tissue Characteristics of Brain Tissue Specimens used in Chapter 4.0.

gPCR Cohort FISH (RNAscope) Cohort

Characteristic uc SZ p-value! UcC Sz p-value?
n 43 41 24 24
Age, years, mean (SD) 47.6 (13.8) 46.4(12.2) 46.5(9.7)  47.0(11.3) 0.9
Sex, n (%) >0.9 NA

Female 18 (42%) 17 (41%) 12 (50%) 12 (50%)

Male 25 (58%) 24 (59%) 12 (50%) 12 (50%)
Race, n (%) 0.1 0.1

Black 5 (12%) 12 (29%) 1 (4.2%) 6 (25%)

White 38 (88%) 29 (71%) 23 (96%) 18 (75%)
PMI, hours, mean (SD) 19.3 (5.7) 19.6 (7.3) 0.8 19.0 (6.3) 20.7 (7.3) 0.4
RIN, mean (SD) 8.1 (0.6) 8.0 (0.6) 0.7 8.2 (0.6) 8.1 (0.6) 0.5
brain pH, mean (SD) 6.7 (0.2) 6.5 (0.3) 0.08 6.6 (0.2) 6.6 (0.3) >0.9
Tissue storage time at —80°C, months, mean 1730 (55.3) 181.8(64.1) 05 180.2 (55.6) 194.8 (64.0) 0.4

(SD)

lt-test; Pearson's Chi-squared test

Abbreviations: UC = unaffected comparison, SZ = schizophrenia, PMI = postmortem interval, RIN = RNA integrity number, gPCR =
guantitative polymerase chain reaction, FISH = fluorescent in situ hybridization
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Using a 5x microscope objective, portions of the tissue section that were cut perpendicular
to the pial surface were identified. The boundary between layers 1 and 2 was identified and a box
that extended 400 um from this boundary into the most superficial aspect of layer 3 was drawn.
For each subject, tissue from two such boxes (total cross-sectional tissue area of ~5x108 um?) was
captured by laser microdissection into tubes and the tissue lysed in RLT Plus Buffer (QIAGEN)
with B-mercaptoethanol and frozen. RNA was extracted and purified using the RNeasy Plus Micro
Kit (QIAGEN). Investigators performing laser microdissection, RNA extraction, and gPCR were
blind to subject diagnostic group. These experiments were conducted as part of a larger project
incorporating individuals diagnosed with bipolar disorder or major depressive disorder (Appendix
D), and, as much as possible, subjects were processed together in groups of four (one from each

of the four diagnostic groups), with the collection order further balanced across diagnostic groups.

4.2.3 Quantitative PCR Analysis

Total RNA was converted to complementary DNA using the gScript cDNA SuperMix
(Quanta Biosciences, Gaithersburg, MD, USA). To reduce technical variance, as much as possible,
each plate included samples from individuals in both diagnostic groups on a 384-well quantitative
PCR (qPCR) plate in quadruplicate. Forward and reverse primers were designed for each
transcript, and all primers showed 90-100% efficiency and each amplified product resulted in a
single and specific amplicon. Levels of each transcript were assessed using Power SYBR Green
fluorescence and the ViiA™7 Real Time PCR System to determine the cycle threshold (CT). The
level of each transcript was normalized to the geometric mean of the 3 housekeeping, or
normalizer, genes (beta actin, cyclophilin-A, and GAPDH). The level of each transcript was

calculated by subtracting the mean of the three normalizers from the CT values of the gene of
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interest (difference in CT, or dCT). Because the dCT represents the log2-transformed expression
ratio of each target transcript to the mean of the normalizer genes, the relative expression levels of

the target transcripts are reported as the more intuitive expression ratio, or the 2-dCT.

4.2.4 Multiplex fluorescent in situ hybridization

As described in Results (4.3), GAD67 and SST mRNA levels in the superficial laminar
zone determined by gPCR significantly covaried by brain pH and RIN, and SST levels also
significantly covaried by age. To reduce the likelihood that the outcome in the multiplex FISH
experiment would be influenced by group differences in pH or RIN, we utilized a subset of the
sex- and age-matched schizophrenia and unaffected comparison subject pairs that also had small
within-pair differences for pH and RIN. In the resulting 24 pair cohort, the group means, and
standard deviations were nearly identical for both pH and RIN (Table 4).

For each subject, a fresh-frozen coronal tissue block containing right DLPFC area 9 was
mounted in a cryostat, and sections were cut at 20 um thickness onto SuperFrost slides
(ThermoFisher), thaw-mounted, and stored at —80°C until tissue labeling. mMRNA probes were
designed by Advanced Cell Diagnostics, Inc (Hayward, CA, USA) to detect mRNAs encoding
vesicular GABA transporter (VGAT, SLC32A1 gene), calretinin (CR, CALB2 gene), somatostatin
(SST gene), and GAD67 (GADL1 gene). VGAT was used as an independent proxy marker for all
GABA neurons, and cells were separated into SST or CR subtypes. We used VGAT, rather than
GADG67, as an independent proxy for GABA neurons, because VGAT mRNA levels do not appear
to be altered in schizophrenia (3.0; (Hoftman et al., 2015; Hoftman et al., 2018; Fung et al., 2011)).

Commercially available fluorescent in situ hybridization assays from ACDbio are available

in two Kits using different strategies to label mMRNA. V2 kits conjugate a horseradish-peroxidase
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(HRP) enzyme to the mRNA targets of interest, which enzymatically deposits fluorophore at the
target site in situ (Schmidt et al., 1997). This approach results in an abundance of signal at the
location of the bound mRNA probe, increasing the likelihood of successfully detecting low-
expressing MRNA targets. In contrast, V1 Kits directly conjugate the fluorophore to the mRNA
target via oligonucleotide binding. This strategy optimizes the ability to distinguish fluorescent
grains by preventing the oversaturation of signal. In the present study, we developed a novel
integration of these two strategies to label VGAT mRNA with a V2 kit and to label SST, CR, and
GAD67 mRNAs using a V1 Kit, therefore simultaneously optimizing our ability to detect all
GABA neurons (via VGAT) and quantify levels of the relevant transcripts within every VGAT-
positive cell.

After removal from —80°C, slides with mounted sections were immediately immersed in
ice-cold 4% paraformaldehyde for 15 minutes, dehydrated through a series of ethanol washes
(50%, 70%, 100%, and repeated 100% ethanol for 5 minutes each), followed by pretreatment with
protease IV (ACDbio) for 30 minutes at room temperature and H202 for 10 minutes at room
temperature. Slides were then incubated with the VGAT probe, diluted 1:50 in blank probe diluent
and incubated for 2 hours at 40°C. After amplification steps, slides were incubated in horseradish
peroxidase enzymes specific to the VGAT channel (HRP-C4) for 15 minutes at 40°C. Following
the addition of HRP molecules, slides were incubated with tyramide signal amplification reagents
conjugated to digoxigenin (TSA-DIG; Akoya Biosciences, diluted 1:1000 in 1x Plus Amplification
Diluent) for 15 minutes at 40°C. After blocking the enzymatic activity of the HRP molecules, the
V1 protocol was initiated by incubation of probes targeting GAD1, CALB2, and SST mRNAs for
2 hours at 40°C. After subsequent amplification steps using V1 kits, fluorophores were assigned

to each target mRNA as follows: Alexa 488 (CR), Atto 550 (GADG67), Atto 650 (SST). After the
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final amplification step was completed, Opal 780, an anti-DIG antibody conjugated to a near-
infrared fluorophore, was diluted in PBS (1:200) and applied to sections for 15 minutes at 40°C.
Slides were counterstained for DAPI, which was applied to each section for 30 seconds and
subsequently rinsed in PBS. Tissue sections from a given pair were always processed together and
the order for each step of the labeling process was randomized by diagnosis. The project was

processed in four batches, with six subject pairs within each batch.

4.2.5 Microscopy

Slide scans were collected on Olympus VS200 SlideView slide scanner (Center Valley,
PA, USA) equipped with a 9-channel X-CITE NOVEM light engine and a Hamamatsu ORCA-
flash 4.0 camera. All equipment was controlled using the VS200 software suite. Using the slide
scanning microscope, the entirety of the section was captured using a 20x objective. Areas where
the tissue section was cut perpendicular to the pial surface were identified for subsequent high-
magnification imaging. For each section, three boxes (1.0 mm wide) containing layers 2-
superficial 3 were outlined as described above for laser microdissection, using the DAPI
counterstain to identify the boundary between layers 1 and 2.

Using a high resolution 60x 1.42 N.A oil immersion objective (Olympus), each box was
captured as a 3D image stack (successive 2D images spaced 0.6 um apart in the z-dimension,
equivalent to the depth of field for this objective). Six fluorescent channels, including DAPI, CR,
SST, GAD67, VGAT, and lipofuscin autofluorescence, were captured at set exposure times that
were optimized to prevent saturation of fluorescent signal intensity and were held constant

throughout the project.
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4.2.6 Image processing

Offline, images were imported into CellSens software and deconvolved using the
constrained iterative deconvolution algorithm (3 iterations). After deconvolution, a representative
average z-projection image was created for subsequent analysis. Using QuPath (Bankhead et al.,
2017), the DAPI-counterstained nuclei were automatically segmented using the StarDist (Schmidt
et al., 2018) algorithm. The cellular region-of-interest (ROI) was defined as a 2 um perimeter
surrounding each DAPI nucleus unless overlapping with another nucleus. Nuclei with a cross
sectional area smaller than 30 um, which likely represent either small glial nuclei or the edges of
nuclei whose centers are located in a separate plane, were excluded from the analysis a priori.
Fluorescent grains were counted within a cellular ROI that excluded signal that overlapped with
lipofuscin (Figure 19). Fluorescent grains were segmented based on intensity of an individual
grain and subsequently size gated using the subcellular detection function within QuPath. Clusters
of signal were included, and the number of grains within a given cluster was estimated by the size
of the clustered object and the approximate size of a given grain. The appropriate fluorescence
threshold for grain inclusion was determined empirically for each channel and independently for
each of the four batches. The same parameters were used to quantify the background grain density,
defined as grains per um? that was not attributable to a cellular ROI or lipofuscin signal. As before
(3.0), we set a relatively high threshold of 7x the background density for a cell to be considered to
specifically express VGAT mRNA. Among VGAT-expressing cells, we set a slightly lower
threshold of 4x the background grain density for specifically expressing either SST or CR, as the
likelihood of false-positives is smaller given the requirement for the localization of both VGAT
and SST or CR mRNA transcripts. Thus, we quantified GAD67 levels within three populations of

VGAT-expressing cells: VGAT/SST (SST cells), VGAT/CR (CR cells) and VGAT cells without
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SST or CR (VGAT-Only cells). Final estimates of transcript levels, indexed by fluorescent grain
density per neuron (grains/um?), reflect the number of grains within a cellular ROI after subtracting

the background grain density.

4.2.7 Statistical Analysis

Analysis of transcript levels from the gPCR study was performed using linear models,
including the log-transformed transcript level (to stabilize the variance) as the dependent variable,
diagnosis as a fixed effect, and age, sex, PMI, brain pH, and RIN as covariates. Tissue storage time
at —80°C did not differ across diagnostic groups and has been previously demonstrated to not
influence mMRNA levels of many of the transcripts studied here; therefore, storage time was not
included as a covariate (Morris et al., 2008; Hoftman et al., 2015). F tests were computed from
linear models to assess the overall diagnosis effect. The same models were employed for the study
using fluorescent in situ hybridization with the inclusion of batch as a covariate. Figure generation
and analyses were conducted in R (R Core Team, 2018) using the ‘lme4’ (Bates et al., 2015),
‘ImerTest’ (Kuznetsova et al., 2017), ‘tidyverse’ (Wickham et al., 2017), and ‘rstatix’
(Kassambara, 2021) packages.

To provide an estimate of the deficits in SST and GAD67 mRNAs in the schizophrenia
relative to the unaffected comparison group while controlling for significant covariates (i.e., age,
RIN, and brain pH), we computed a ‘w-score’ that indexes the deviation of SST levels in
schizophrenia compared to what would be predicted from a linear model of the unaffected
comparison individuals. To achieve this, we computed ‘w-scores’, estimates of the deviation of a
value for a given individual with schizophrenia based on predicted values of a linear model
generated from the unaffected comparison population’s age, brain pH, and RIN.
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In certain comparisons, especially in instances where we sought to quantify the strength of
the evidence in favor of the statistical null hypothesis, Bayes’ factors (Keysers et al., 2020) were
computed using the BayesFactor package in R (Morey & Rouder, 2018). A Bayes’ Factor is a ratio
of the likelihood of one particular hypothesis relative to the likelihood of the other hypothesis and
provides a quantitative measure of evidence in favor of the alternative or null hypothesis. In the
model used to compute the BF value, the true standardized difference is assumed to be 0 under the
null hypothesis and to follow the Cauchy distribution under the alternative. The prior is described
by a Cauchy distribution with a width parameter of 0.707, corresponding to a probability of 80%
that the effect size lies between -2 and 2. Here, we use the standard designation of BF1o to denote
evidence in favor of the alternative hypothesis, or Hi. We use Jeffrey’s interpretation of BF values
(Jeffreys, 1961): BF1o values of 3-10 are considered substantial evidence in favor of the alternative
hypothesis, 10-100 are considered strong evidence, and >100 are considered decisive evidence;
BF10 values of 0.10-0.33 are considered substantial evidence in favor of the null hypothesis, 0.01-
0.10 are considered strong evidence, and <0.01 are considered decisive evidence.

To provide an estimate of the disease effect (Kraemer, 2019), Cohen’s d effect sizes were
calculated in R (Torchiano, 2020; Cohen, 1988) for each subject group in a given comparison.
Based on (Coe, 2002), we designated any effect size > 0.60 as ‘large’ and note these values

specifically in the text.
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Figure 19. Representative stitched high magnification (60x objective) of multiplex FISH.

(above) Together, A-C represent a single multiplex fluorescent images, with only two channels shown per panel.A)
DAPI-counterstained image showing nuclei (gray) and the cellular ROl demarcated automatically. Lipofuscin signal
is shown in white, and the lipofuscin granules are traced by the cellar ROI and excluded. B) VGAT (red) and GAD1
(magenta) signal showing high colocalization in the same cells. C) SST (yellow) and CR (blue) Arrowheads indicate
the cellular identity: SST (yellow), CR (blue), or VGAT-Only (red). Scale bar in A =20 um.
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The potential influence of certain comorbid variables, such as concurrent alcohol or
substance use disorder, death by suicide, or prescription drug use at time of death (grouped into
three categories: benzodiazepines or antiepileptic drugs (AEDs), antidepressants, and
antipsychotics) on each transcript of interest was assessed by conducting F tests using the level of
a given transcript as the dependent measure, presence of a given comorbid feature as the
independent measure, and age, sex, PMI, pH, and RIN as covariates within the schizophrenia
group. The Benjamini-Hochberg procedure was used to correct for a false discovery rate of 5% for

multiple comparisons across comorbid factors.

4.3 RESULTS

4.3.1 SST and GAD67 mRNA levels in the layer 2-superficial 3 in schizophrenia

In individuals with schizophrenia, there were pronounced deficits in SST mRNA in laminar
isolates of layer 2-superficial 3 of the DLPFC (F177 = 9.1, p <0.0001, Cohen’s d = 0.67; Figure
20A\). Significant covariates included age (F1,77 = 4.6, p = 0.035), brain pH (F1,77 = 7.1, p = 0.009),
and RIN (F177 = 6.2, p = 0.01). Likewise, levels of GAD67 mRNA were also markedly lower in
this same laminar zone (F1,77 = 9.1, p = 0.003, Cohen’s d = 0.72; Figure 20B), and significant
covariates included brain pH (F1,77z = 10.4, p = 0.001) and RIN (F177 = 5.9, p = 0.01). Levels of
SST and GAD67 mRNAs were highly correlated in both the unaffected and schizophrenia groups,
although the strength of the correlation was stronger in the schizophrenia group (Figure 20C).
These findings indicate that deficits in SST and GAD67 mRNAs are evident in layer 2-superficial

3 in a large cohort of individuals with schizophrenia.
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To assess the within-individual deficits in SST and GADG67 in schizophrenia, we computed
‘w-scores’, estimates of the deviation of a value for a given individual with schizophrenia based
on predicted values of a linear model generated from the unaffected comparison population’s age,
brain pH, and RIN. Using this approach, 31/41 and 30/41 of individuals with schizophrenia
exhibited a negative w-score for SST and GAD67 mRNAs, respectively, indicating that more than
70% of persons with schizophrenia have lower levels of SST and GAD67 mRNAs than those
predicted from the unaffected comparison population. Across individuals with schizophrenia, w-

scores for SST and GAD67 mRNAs were highly correlated (r = 0.65, p < 0.001; Figure 20D).

4.3.2 GAD67 mRNA levels in SST and CR neurons in schizophrenia

While these findings strongly suggest that SST neurons might exhibit lower levels of
GADG67, studies at the level of laminar homogenates did not permit assessments of the cell type-
specificity of findings. Therefore, we conducted a second study using a subset of subject pairs
matched to sex and as closely as possible for age, pH and RIN. This strategy resulted in a 24 pair
cohort that did not differ in average age (UC: 46.5 + 9.7 years, SZ: 47.0 £ 11.3 years; p = 0.9), pH
(UC: 6.6 £0.2,SZ: 6.6 £ 0.3, p > 0.9), or RIN (UC: 8.2 + 0.5, SZ: 8.1 + 0.6, p > 0.5). This subset
of individuals had a disease effect size similar to, albeit slightly larger, for both SST (Cohen’s d =
0.88; Figure 21A) and GAD67 (Cohen’s d = 0.89; Figure 21B) that the full cohort used for the

gPCR study.
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Figure 20. Deficits in SST and GAD67 mRNA in layer 2-3 of the DLPFC in schizophrenia.

Boxplot showing the median, quartiles, and 95% range for the schizophrenia (SZ) and unaffected comparison (UC)
groups for A) SST and B) GAD67 mRNA levels. C) Correlation for each diagnostic group, with Pearson’s r displayed.
D) Correlation of w-scores between SST (x-axis) and GA67 (y-axis) among the individuals with SZ.

129



A SST B GAD67

0.12
0.20
015 0.08
a® L o0 o
£ o ¢ Q.
o S {7
°o ;o 0B FRP°
= . = Pt
oo (o) O s o)
0.04
2 00 p )
sl O ) ° %
0 o)
g g 0.00
0.00{ -~ (o
0.00 0.05 0.10 0.15 0.20 0.2! 0.00 0.04 0.08 0.12
Unaffected Comparison Unaffected Comparison

Figure 21. Unity plots of pairing scheme for schizophrenia.

A) Unity plots for SST. Each point represents a schizophrenia and unaffected comparison individual pairing based on
age and sex. Pink highlighted points are the subject pairs used in the subsuquent FISH study. B) Same as A) for
GAD67 mRNA in the same pairs.

To directly assess levels of GAD67 in SST neurons, multiplex fluorescent in situ
hybridization was conducted for VGAT (a marker of all GABA neurons), SST, and GAD67
MRNAs. Because GABA neurons containing CR mRNA are also prominent in layers 2-superficial
3, we also measured GAD67 mRNA within CR neurons in the same tissue sections. In the
unaffected comparison population, this approach yielded approximately equal proportions of
VGAT+ cells that expressed SST, CR, or neither transcript. Consistent with prior studies in rat
(Kubota, 1994) and primate neocortex (Gonzalez-Albo et al., 2001; Krienen et al., 2020) (but not
mouse cortex (Xu et al., 2006; Tremblay et al., 2016)), we found that less than 2% of VGAT+ cells
contained by SST and CR mRNAs; these cells were excluded from subsequent analyses.

Additionally, one pair (Pair 13) failed to show evidence of VGAT labeling, and both subjects in

this pair were excluded from the analysis.

130



In SST neurons, GAD67 mRNA levels were markedly lower in schizophrenia (F1,36 = 6.6,
p=0.01; Cohen’s d = 0.77; Figure 22). Significant covariates for GAD67 levels in SST neurons
included batch (Fs3s = 25.5, p <0.001) and age (F1,3s = 5.3, p =0.027). Similarly, CR neurons also
exhibited lower levels of GAD67 mRNA, albeit with a smaller disease effect size relative to the
deficit in SST neurons (F13s = 4.2, p=0.048; Cohen’s d = 0.51 Figure 22). Significant covariates
included batch (Fs36 =11.5, p <0.001) and age (F1.36 = 13.7, p <0.001). Finally, VGAT-expressing
cells without SST or CR, also exhibited lower levels of GAD67 mRNA with a diagnosis effect
size comparable to that seen in CR neurons but did not achieve statistical significance (F1,3s = 3.1,
p = 0.087; Cohen’s d = 0.56; Figure 22). Significant covariates included batch (Fsz3s = 12.4, p <
0.001) and age (Fi3s = 10.5, p < 0.001). Interestingly, the Bayes’ Factor suggests substantial
evidence for a difference in GADG67 levels in schizophrenia within SST neurons (BFi0 = 4.2), while
the evidence for GADG67 deficits in CR and VGAT-Only neurons was anecdotal (BFwo = 1.2 and
BF10 = 1.0, respectively). Taken together, schizophrenia appears to be associated with lower
GADG67 levels in multiple GABA neuron subpopulations in layer 2-superficial 3, although the

disease effect on GADG7 appears to be most robust within SST neurons.
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Figure 22. Boxplots of GAD67 levels per GABA subtype in schizophrenia.

Because of the batch effect observed, the y-axis repesents the mean-centered GADG67 value within a batch. Effect
sizes (Cohen’s d are shown at the top for each cell type, represented by color. UC = unaffected comparison, SZ =
schizophrenia.

4.3.3 Relative proportions and levels of SST and CR per neuron in schizophrenia

Consistent with prior reports, in the unaffected comparison group, 20.7% of all neurons
were labeled for VGAT mRNA (Figure 23A). Among VGAT-expressing cells, our classification

scheme resulted in 31.8% defined as SST-expressing, 32.3% as CR-expressing, and 36.0% as
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VGAT-expressing without either SST or CR (Figure 23B). These proportions were strikingly
similar in schizophrenia (Figure 23B).

We had previously shown (3.0) that the deficits in SST mRNA in layer 2 in schizophrenia
reflect lower mRNA levels per neuron and not fewer neurons. Here, in a largely nonoverlapping
group of individuals with schizophrenia, we found that SST levels per SST neuron are lower (F1,36
= 5.4, p =0.026; Cohen’s d = 0.72; Figure 24A) without a deficit in the relative density of SST
neurons in this laminar zone (F1,36 = 0.33, p = 0.57; Figure 23C). Here, the Bayes’ factor indicated
substantial evidence of no difference in SST neuron density between groups (BFio = 0.34).
Significant covariates for SST mRNA levels per neuron included batch (F1,36 = 7.4, p < 0.001) and
age (F1,36 = 18.8, p < 0.001), whereas pH was not statistically significant (F1,3s = 3.7, p = 0.06).

Unlike SST mRNA, levels of CR mRNA per CR neuron were not lower in schizophrenia
(Fi3s = 2.1, p = 0.16; Figure 24B), nor was there significant differences between groups in the
density of CR-expressing cells in schizophrenia (F13s = 0.03, p = 0.87; Figure 23C), with the
Bayes’ factor indicating substantial evidence of no difference in CR neuron density between
groups (BF1o = 0.29). Finally, the density of VGAT-Only cells in schizophrenia was significantly
different in persons with schizophrenia (F13s = 4.4, p = 0.044), with a marginally higher density
of this neuron population. Here, the Bayes’ Factor only indicated anecdotal support (BFio = 0.43).
Together, these findings support the prior findings that schizophrenia is associated with altered
levels of GABA-related transcripts per neuron in the DLPFC without a deficit in neuron density

and suggests that the distribution of GABA neuron subtypes is comparable in the disorder.
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Figure 23. Relative proportions and densities of GABA neuron subtypes in unaffected and schizophrenia.

A) The average proportion of each cell type (non-GABA, gray), VGAT-only (red), CR (blue), or SST (yellow) across
all subjects. Numbers shown are percentages in each diagnostic group. B) Relative proproportion of among GABA
subtypes in both diagnostic groups. C) The density of each cellular subtype between diagnostic groups. Error bars
shown are 95% confidence interval.
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Figure 24. Unity plots for SST and CR levels per respective neuron in schizophrenia.

Levels of A) SST or B) CR per respective neuron subtype. Unity plots show each pair as an individual point and the
line of unity. Points above the line indicate a higher value in schizophrenia relative to their matched unaffected
comparison individual.

4.3.4 Relationship of SST or CR deficits and GADG67 deficits in schizophrenia

Here, we found deficits in SST, but not CR, mRNA levels per neuron, and lower GADG67
MRNA levels in both cell types, with a stronger disease effect in SST cells. Within SST cells in
individuals with schizophrenia, the deficits in SST and GAD67 mRNAs (indexed by their
respective w-scores) were highly correlated (r = 0.7, p < 0.0001; Figure 25A). In contrast, within
CR cells in individuals with schizophrenia, the correlations between CR and GAD67 were weaker
and not statistically significant (r = 0.34, p = 0.11; Figure 25B). Finally, the deficits in GAD67
MRNA in SST cells were highly correlated with the deficits in GAD67 in CR cells (r=0.8, p <

0.0001; Figure 25C).

135



4.3.5 Relationship of SST and GAD67 measured by PCR and in situ hybridization

Here, we had two transcripts (SST and GADG67) that were measured in both studies in the
same tissue specimens by different methods. We compared the within-subject correlation of SST
and GAD67 mRNAs measured by both approaches (QPCR and FISH) in both subject groups. To
make the appropriate comparison across methods, GAD67 or SST levels per neuron, scaled to
account for batch effects, were multiplied by the relative density of all VGAT-expressing or
VGAT/SST-expressing cells, respectively. For both SST (Figure 26A-C) and GAD67 (Figure
26D-F), the disease effect size was comparable in size as assessed by the two methods, and, across

all subjects, values were highly correlated with each other.
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Figure 25. Correlations of w-scores for
individuals with schizophrenia for SST, CR,
and GAD67.

A) Correlations of GAD67 and SST levels within
SST cells across 23 individuals with
schizophrenia. B) Correlations of GAD67 and CR
levels within CR neurons in schizophrenia. C)
Correlations of GAD67 in SST vs GAD67 in CR
cells in schizophrenia. In all panels, Pearson’s
correlation coefficient is shown.
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Figure 25. Relationship of SST between two approaches for quantifying mRNA.

A) Boxplots of the median, quartiles, and 95% range for values of SST measured by FISH. B) Same as A) but for
SST measured in the same subjects by qPCR. C) Correlations among unaffected comparison (UC) and schizophrenia
(S2) individuals for SST measured in the same subjects by different methods. D-F) Same as A-C but for GAD67

levels measured by the two methods.
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4.4 DISCUSSION

To date, the published studies that examined GAD67 mRNA levels in a laminar-specific
manner in schizophrenia were both conducted in cohort sizes of 10 schizophrenia and unaffected
comparison pairs (Volk et al., 2000; Akbarian et al., 1995). Here, in the largest cohort to date that
has examined GABA transcripts in a laminar-specific fashion, we found lower levels of GAD67
mRNA in schizophrenia in layer 2-superficial 3. Additionally, the same subjects exhibited a deficit
in SST levels in this laminar zone, and these measures were correlated within subject.

While correlations of transcripts in homogenates of layer 2-superficial 3 suggest that SST
neurons might exhibit lower GADG67, such studies cannot address the question of whether the
transcript deficits are present in the same neurons. Because schizophrenia is associated with a
normal complement of SST neurons that are detectable by SST mRNA (3.0), it is possible to
interrogate other cell type-specific alterations within this neuronal population. The present study
addresses a longstanding question about what other GABA neurons, aside from PV basket cells,
exhibit deficits in GAD67 mRNA in schizophrenia. In addition, we found that CR neurons and
VGAT-Only neurons also exhibit lower levels of GAD67 mRNA in schizophrenia, albeit with
smaller effect sizes compared to that seen in SST neurons. Given the diverse roles of different
GABA neuron populations in cortical circuits, our findings have important implications for
understanding the circuit dysfunction in the DLPFC in schizophrenia that likely contribute to

cognitive dysfunction.
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4.4.1 Methodological advances permit cell type-specific interrogation into GADG67 levels in

multiple cell types in schizophrenia

The diversity of GABA neurons in the neocortex and the distinct roles that each subtype
might play in working memory (Kamigaki, 2019) suggest that depending on which population(s)
of neurons have an impaired capacity to synthesize GABA in schizophrenia, the functional
consequences for the activity of the circuit could be substantially different. However, only one
study to date has examined GAD67 mRNA levels in a cell type-specific manner in schizophrenia
(Hashimoto et al., 2003), and this study, which focused on PV neurons, was unable to quantify
levels of GADG7 per neuron and could only report on the presence of absence of GADG67 signal in
PV neurons. Multiplex fluorescence in situ hybridization provides the means necessary to quantify
levels of a transcripts like GADG67 with cellular levels of resolution in different cell types.

Another advantage of multiplex approaches is the capacity to quantify GAD67 in multiple
GABA neuron subtypes simultaneously. While we principally sought to examine GAD67 within
SST neurons, the possibility of multiplexing allowed us to also examine another prevalent GABA
neuron subtype in this laminar zone, CR-expressing cells, as well as GABA neurons that do not
contain either SST or CR. Although we found that GADG67 deficits were lower across all three cell
types, the effect size was largest for SST neurons, and within-cell, these measures were highly
correlated with SST levels. These findings suggest that some of the upstream factors that might

contribute to lower SST in SST cells could also lead to lower GADG67 in these neurons.

140



4.4.2 Deficits in GAD67 mRNA in schizophrenia appear to exhibit some cell type-specificity

Prior studies of GAD67 mRNA quantified by in situ hybridization reported that the density
of neurons with detectable GAD67 mRNA was ~30% lower across cortical layers, and this deficit
was evident in layer 2. In contrast, there was no difference in GAD67 mMRNA levels per neurons
in the neurons that were detectable (Volk et al., 2000). This finding led to the hypothesis that only
certain subsets of GABA neurons exhibit deficits in GAD67 mRNA. While it was apparent that
one subtype, the PV basket cell, exhibited deficits in GAD67 (Hashimoto et al., 2003), knowledge
about what other subtypes might have contributed to the deficit (and which might be unaffected)
remained unclear. Here, we find evidence of lower GAD67 mRNA in multiple GABA
subpopulations, albeit with differing effect sizes. Additionally, although the differences in GAD67
mRNA in CR neurons was statistically significant with a medium effect size, the Bayes’ factor
supporting evidence of a difference was anecdotal. One possible interpretation of these findings is
that CR (and VGAT-only) cells constitute a highly heterogenous population of GABA neurons,
and that further divisions of these cell populations into distinct subtypes would reveal a subset of
CR or VGAT-only neurons that exhibit lower GAD67 and separate unaffected populations.

A key species difference between rodent and primate is the enrichment in CR neurons
relative to PV neurons in primates (Krienen et al., 2020; Condé et al., 1994; Gabbott & Bacon,
1996). Given recent transcriptomic findings of GABA neuron diversity, it has been suggested that
rather than just a primate-specific expansion of CR-positive neurons developmentally (Dzaja et
al., 2014; Hladnik et al., 2014), more CR-positive neurons in primates might be associated with
broader CR mRNA expression in multiple GABA populations (Krienen et al., 2020). In sum, it
seems clear that both CR and VGAT-only populations defined here are broad categories and

measuring GADG67 in the entire population of CR or VGAT-only cells might aggregate affected
141



and unaffected populations of GABA neurons in schizophrenia. Future studies should be
conducted that meaningfully subdivide the population of CR and VGAT-Only cells here and assess
GADG67 mRNA deficits in those populations. For example, at least two subtypes appear to exist in
the primate neocortex: CR neurons that do and do not express the neuropeptide cholecystokinin

(Krienen et al., 2020).

4.4.3 Etiology of GADG7 deficits in multiple GABA neuron subtypes in DLPFC of

schizophrenia

What could explain shared GADG67 deficits in multiple subtypes of GABA neurons that are
1) derived from different embryonic origins (Ma et al., 2013; Wonders & Anderson, 2006; Letinic
et al., 2002); 2) exhibit distinct synaptic connectivity in DLPFC circuitry (Campagnola et al.,
2022); and 3) differ in their sources of synaptic inputs from cortical and subcortical regions (Bloem
et al., 2014; Froudist-Walsh et al., 2021)? Given these distinctions, a plausible mechanism for
lower GAD67 mRNA could be an upstream schizophrenia-associated genetic or epigenetic
alterations at the GAD1 gene or its promoter sequences (Mitchell et al., 2015). In support of this
view, some studies suggest that allelic variation in the GAD1 gene or variation in the 5’ flanking
region of the gene, which likely includes promoter sequences, confer greater risk for schizophrenia
in family-based samples (Straub et al., 2007; Addington et al., 2005). Allelic variation at these loci
is also associated with other features of persons with schizophrenia, including cortical gray matter
volume deficits (Addington et al., 2005) and cognitive dysfunction (Straub et al., 2007). While
these allelic variations might be evident in certain familial instances of schizophrenia, this genetic
architecture is not well supported by recent genome-wide association studies (Trubetskoy et al.,
2022).
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In contrast, genome-wide association studies frequently identify schizophrenia risk in
genes that are highly expressed in the pyramidal cell population (Trubetskoy et al., 2022; Skene et
al., 2018), and GADG67 expression levels are clearly regulated by neuronal activity (Benson et al.,
1994; Lau & Murthy, 2012). Thus, an alternative possibility is that alterations in GAD67 mRNA
levels reflect upstream deficits in downregulated excitatory drive in multiple GABA neuron
subtypes (Dienel & Lewis, 2019). Consistent with this, layer 3 pyramidal neurons, which are
strongly suggested to be hypoactive in schizophrenia, appear to provide a large complement of
excitatory input onto SST neurons in the primate DLPFC in layer 2 (Melchitzky & Lewis, 2003).
In addition, SST mRNA, at least in cell culture, appears to be associated with activity levels
(Sanchez-Mufoz et al., 2010), so impaired excitation of these neurons by layer 3 pyramidal cells
could contribute to coordinated downregulation of both SST and GADG67. The data presented here
lends some support for this notion, given the strong correlation of the deficits in SST and GAD67
within individuals with schizophrenia (Figure 20A).

In contrast to SST cells in the primate DLPFC, CR neurons do not appear to receive many
excitatory inputs from local layer 3 pyramidal neurons (Melchitzky & Lewis, 2003). However, CR
neurons, relative to other GABA neurons at least, might receive the majority of excitatory inputs
coming from other cortical regions (Naskar et al., 2021), including other DLPFC regions. For
example, in primates, excitatory inputs from DLPFC area 46 into DLPFC area 9 more frequently
form synapses onto CR neurons compared to other GABA neurons (Medalla & Barbas, 2009).
Thus, if pyramidal neurons in DLPFC area 46 are also hypoactive, then deficient excitatory drive

from cross-areal intra-DLPFC connections could contribute to lower GADG67.
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4.4.4 Functional consequences of deficient GABA signaling onto excitatory and inhibitory

dendrites

Lower levels of GADG67 transcript in different GABA neuron populations suggests that the
inhibition these neurons provide to their postsynaptic targets is diminished. Broadly (although
certainly not exclusively), SST neurons in the superficial layers preferentially make synapses onto
the dendrites of excitatory cells, while CR neurons in this layer preferentially make synapses onto
the dendrites of other GABA neurons (Melchitzky & Lewis, 2008). Although more work is
necessary to understand the distinct role that each of these DLPFC GABA neurons have in
mediating working memory, the available data based on computational models of this connectivity
suggest that dendritic inhibition onto excitatory cells by SST-containing neurons is crucial for
rendering the DLPFC circuit resilient to the effect of intervening distractors during cognitive tasks
such as working memory.

Because SST neurons appear to be active even in quiescent circuits (Urban-Ciecko &
Barth, 2016), disinhibition of excitatory dendrites, through CR-mediated inhibition onto SST cells,
might be necessary for the bottom-up transfer of information about memoranda to be maintained
during working memory to be encoded into the DLPFC circuitry (Wang et al., 2004). Thus, while
perhaps not directly a recipient of excitatory synapses in the local DLPFC circuit, these neurons
could exhibit similar tuning curves as excitatory cells within the same cortical column and
diminished inhibitory control over SST neurons could contribute to encoding deficits during

working memory in schizophrenia (Kang et al., 2018) .
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4.4.5 Conclusions, Limitations, and Future Directions

In conclusion, we found lower levels of GAD67 in SST and CR neurons, as well as VGAT-
only neurons in layer 2-superficial 3 of the DLPFC in persons with schizophrenia. Within the same
subjects, the strongest disease effect size in GAD67 mRNA levels was localized to SST neurons.
Consistent with prior studies, alterations in GABA neurons in schizophrenia principally seem to
reflect functional alterations, and not a deficiency in the number of DLPFC GABA neurons.

Here, we had a priori knowledge of GAD67 and SST mRNA levels by PCR prior to
conducting the study using FISH. On the one hand, the concordance of SST and GAD67 mRNA
levels quantified by two different methods in the same subjects offers evidence of the rigor and
reliability of the finding in schizophrenia. On the other hand, although the cohort of individuals
selected for follow-up study was not based on a priori knowledge of GAD67 and SST levels, it
was biased towards showing a larger disease-related effect size compared to the larger cohort.
Thus, to obtain a more robust estimate of the disease effect size for GADG67 in multiple GABA
neuron subtypes in schizophrenia, we plan to conduct the same study in a new postmortem cohort
of 23 individuals with schizophrenia and age- and sex- matched unaffected comparison individuals
that have not previously been studied by any research group.

Finally, there are still limitations on the number of transcripts that can be simultaneously
identified spatially, so the ability to index disease-related alterations in GAD67 mRNA in
subgroups of CR or the VGAT-only population identified here is limited. Future studies should
seek to identify the important and larger subgroups of CR neurons, or the population of VGAT-
only cells identified here. Such studies would further inform our knowledge of how these
alterations arise in schizophrenia and the functional consequences of these alterations in the

context of working memory and other cognitive functions.
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5.0 GENERAL DISCUSSION

In this thesis, | have presented data from our lab showing that the basis for regional
differences in SST expression between monkey DLPFC and V1 primarily reflect differences in the
relative proportions of SST neurons between regions, rather than differences in gene expression
per neuron between regions. In contrast, the schizophrenia-associated deficits in SST gene
expression in the DLPFC principally reflect lower gene expression per neuron and not fewer
neurons. Demonstration of a normal complement of SST neurons in the DLPFC in schizophrenia
and a methodology that allows for investigation of those neurons in schizophrenia permits other
cell type-investigations into their alterations, and the third chapter demonstrated that SST neurons
also exhibit lower levels of a principal GABA synthesizing enzyme, GADG67. Together, these
findings suggest that the SST enrichment in associational rather than primary sensory cortical
regions might contribute to the key types of information processing that take place in the DLPFC
and the functional alterations to the ability of these neurons to inhibit other cells in schizophrenia

might disrupt these kinds of information processing and lead to impairments in working memory.

5.1 TECHNICAL CONSIDERATIONS FOR THE INVESTIGATION OF GABA

NEURONS AND THEIR ALTERATIONS IN SCHIZOPHRENIA

As more studies begin to interrogate the alterations in schizophrenia at the level of different
cell types, understanding how we define those cells will become crucial so that we do not reach

wrong conclusions about the nature of the alterations in people with the disorder. One example
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from this dissertation work has been a prevalent viewpoint in the literature that PV neurons are
deficient in number in the DLPFC of individuals with schizophrenia, perhaps most clearly stated
in a recent meta-analysis of postmortem findings of PV interneurons in schizophrenia (Kaar et al.,
2019). This meta-analysis concludes that there is robust evidence for deficient PV neuron number
in the DLPFC of schizophrenia without a reduction in PV levels per neuron. These conclusions
have inspired a deluge of animal models for schizophrenia that introduce manipulations resulting
in fewer PV neurons in the cortex (Lodge et al., 2009; Stansfield et al., 2015). When the identifying
marker of a neuron is also the disease- or manipulation-dependent variable, then there must be
other markers to indicate the identity of that neuron in the face of an abnormal phenotype.

One practical application of this point is looking towards the advent of new single-cell and
single-nucleus RNA sequencing approaches, used very successfully to illuminate the rich cellular
diversity of neurons in a regional and species specific manner (Krienen et al., 2020; Welch et al.,
2019; Butler et al., 2018). These approaches, applied to the postmortem brains of individuals with
schizophrenia, offers significant promise towards elucidating cell type-specific alterations in the
disorder (Price et al., 2021). At the same time, the clustering approaches used to unbiasedly sort
cells into certain subgroups dependent heavily, at least for GABA neurons, on markers that are
dramatically altered in people with schizophrenia. For example, GAD1 (GADG67) is one of the most
robust distinguishers between GABA and non-GABA neurons. Similarly, subgroups of PV, SST,
and VIP neurons are clustered based on the expression of those transcripts, all of which are altered
in schizophrenia. Without other markers to rely on as proxies of what the phenotype of a given
neuron should be were it not for the presence of schizophrenia, erroneous conclusions about what
subtypes are affected in the disorder might be reached. Rather than unsupervised classification

approaches in both subject groups, one strategy might be to employ robust transfer learning
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strategies that presume an underlying latent space of similar cellular phenotypes across diagnostic
states (Peng et al., 2021). For a simplistic example, knowledge that SST and PV neurons across
diagnostic states share phenotypic expression of both VGAT and SOX6 could reliably identify the
most affected populations of these neurons that might be mislabeled in a strategy that depends on

their expression of either SST or PV mRNA.

5.1.1 Rigor and reproducibility in this thesis dissertation

Issues of rigor and reproducibility have been widely publicized and received a great deal
of attention in recent years, and the field of psychiatric neuroscience is far from exempt from these
concerns. One of the major goals of this dissertation work was to demonstrate examples of how
experimental design can incorporate both independent replication of certain prior findings while
offering new levels of insight and furtherance of knowledge about neocortical GABA neurons and
their alterations in schizophrenia. In Chapter 2, we studied a large number of monkeys to better
understand the normative distribution of GABA neuron transcript with regional, laminar, and
cellular specificity. In this chapter, the patterns we found were strikingly consistent across animals,
with nearly every animal exhibiting the same rank-ordered levels of transcripts such as SST and
PV. Moreover, this study replicates, at the level of mRNA, prior protein studies that examine
GABA neuron densities in various regions of the primate neocortex. Additionally, the studies
conducted using FISH replicate the results obtained by gPCR, demonstrating replicability of the
core finding by multiple modalities. Finally, the findings of normative distributions of GABA
neurons in the primate neocortex have been confirmed by other studies using different methods.
For example, recent single cell RNAseq studies across regions of the monkey neocortex confirm
the findings from this study and prior studies (Hendry et al., 1987) that while there are more
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GABA-containing neurons in primate DLPFC, they constitute a smaller overall proportion of all
neurons in this region (Krienen et al., 2020).

The experiments in chapter 3 were designed to robustly test the hypothesis that SST
neurons exhibit lower mRNA levels per neuron without a deficit in neuron density in the DLPFC
of persons with schizophrenia, while providing independent confirmation in a larger cohort that
the levels of PV mRNA per neuron are lower (Hashimoto et al., 2003) without a deficit in the
density of PV neurons. Moreover, this study confirmed that PV levels per PV neuron are not lower
for those located in layer 2, consistent with prior studies with laminar resolution in schizophrenia
(Chung et al., 2016b; Hashimoto et al., 2003). Finally, this study affirmed findings at the total gray
matter level of analysis that VGAT (Fung et al., 2011) and SOX6 (Volk et al., 2012) mRNA levels
are not markedly different in persons with schizophrenia. Thus, multiple levels of analysis confirm
the same finding in the context of schizophrenia.

In chapter 4, the experiments were designed to address whether SST neurons, in addition
to having lower levels of SST mRNA, also exhibit deficits in GAD67 mRNA. Technical
replication was accomplished by utilizing both gPCR and FISH in the same tissue specimens from
the same cortical area, showing strong agreement between both methods within a given individual.
Further, the results in this experiment re-affirmed the findings in chapter 3 that there is no deficit
in SST neuron (or VGAT-positive neurons generally) density in schizophrenia in a largely non-
overlapping cohort of individuals with schizophrenia. Finally, similar to prior reports (Chung et
al., 2016b; Hashimoto et al., 2003), we failed to find evidence of alteration in CR mRNA in the
schizophrenia group, while finding some evidence of lower GAD67 mRNA levels within these

neurons.
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Taken together, the experiments described in this thesis represent both technical
replicability using different methods (especially g°PCR and FISH), and biological replication by
demonstrating consistent findings across multiple cohorts of individuals with schizophrenia.
Future experimental design that both confirms the veracity of prior findings while offering novel
insights has multiple benefits for scientific endeavors: if the prior finding is demonstrated to be
replicable and robust, then the confirmation of those results supplies epistemological confidence
in the novel finding. Conversely, if the prior finding is not robust, then this experimental strategy
serves to prevent poorly substantiated historical findings from gaining a foothold in the minds of

experimenters.

5.2 POSTMORTEM STUDIES OF SST NEURON ALTERATIONS INFORM

ETIOLOGIC ORIGINS OF THOSE ALTERATIONS

The postmortem brain is indispensable for a clear understanding of the basis for
neuropsychiatric disorders, such as schizophrenia, that is not yet available through other modes of
inquiry. For example, animal models are crucial for understanding mechanisms and the functional
consequences of the hypothesized altered neuronal function that is present in disorders like
schizophrenia but cannot speak to the cellular alterations that are actually evident in the brains of
individuals with schizophrenia. Likewise, in vivo studies of schizophrenia are the only manner in
which to link altered brain function to behavior or to observe change over time during different
epochs of schizophrenia but are unable to characterize these alterations at the level of cells and
circuits that underlie those alterations. Finally, genome-wide association studies operationally

define the “upstream’ causal factors that contribute to the emergence of the disorder but cannot
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independently demonstrate how that genetic diversity contributes to altered cellular function or
explain how these genes cause the complex alterations in persons diagnosed with schizophrenia.
Postmortem studies of the brains of those diagnosed with schizophrenia reveal, at the level of
individual cells and circuits, the neural alterations that contribute to altered in vivo imaging.
Likewise, knowledge of the cellular basis for altered in vivo findings could provide a bridge
between novel therapeutic interventions and reliable biomarkers to index the efficacy of those
interventions (Schoonover et al., 2020).

At the same time, there are a set of limitations that need to be taken into consideration when
reporting alterations in gene expression levels identifying in schizophrenia through postmortem
studies. First, postmortem studies are limited as to only capturing a single snapshot in a persons’
life and is not able to account for the full range of dynamic gene and/or protein expression that’s
possible across time (Lewis, 2002). Moreover, findings of certain morphological, molecular, or
biochemical alterations in the postmortem brain of people with schizophrenia cannot explain how
those findings arise or what factors are operative to achieve that state. With that stated caveat, |
suggest that reasonable inferences about the etiology of those alterations are possible through
understanding of both the nature of the alterations in schizophrenia and the pattern of those
alterations across brain regions, across cortical layers, different cell types, and diagnostic
categories for different psychiatric disorders. To exemplify this process, | examine the findings of
the preceding dissertation chapters, contextualize them to knowledge about other postmortem
alterations in schizophrenia, and offer conjectures about how the constellation of those alterations

might arise in the disorder.
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5.2.1 Are SST alterations reported in schizophrenia a confound of postmortem studies?

Two major challenges have long shielded SST neurons from investigation in the context
of schizophrenia historically. When the majority of postmortem studies were conducted by
immunohistochemistry, it was found that the SST peptide that certain well-characterized
antibodies targeted was highly sensitive to the effects of postmortem decay (Hayes et al., 1991).
The SST peptide was first described as a tetradecapeptide (SST-14) released from the axon
terminals of GABA neurons and co-released with GABA after being packaged into dense core
vesicles. Later, an N-terminal extended peptide was identified (SST-28). Different antibodies were
able to target each of these peptide forms, and in general, it was found that SST-28 was well-
localized to the perinuclear cell body, while SST-14 was prevalent in both cell bodies and axon
terminals. Additionally, an N-terminal dodecapeptide named SST-28(1-12) was identified through
different antibodies targeted to the C-terminus of that peptide that does not recognize SST-28.
SST-28(1-12) is thought to be a byproduct of the conversion of SST-28 into SST-14. During the first
120 minutes of a postmortem delay, it was shown that protein levels of SST-28 rapidly decline,
and levels of SST-14 and SST-28(1-12) concurrently increase. These findings were interpreted that
SST-28 cleaves into SST-14 and SST-281-12) during the postmortem delay (Hayes et al., 1991).
Thus, while not specifically confounding studies of the postmortem brains of those with
schizophrenia, the ability to visualize these neurons at the level of protein in the postmortem brain
was limited. This example highlights a key limitation for interrogating the alterations in this neuron
type in the postmortem brain of those with schizophrenia and raises questions about what other
factors involved in postmortem studies might confound the interpretation of SST neurons in

postmortem studies of schizophrenia.
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In addition to the challenges of studying SST protein, prior studies found fewer neurons
detectable by SST mRNA ((Morris et al., 2008), and see 3.1), which either suggested that a subset
of affected neurons were deficient in number in schizophrenia or that the most affected subtype
were difficult to visualize. Fewer SST neurons detectable by SST mRNA, or so it was posited,
rendered knowledge about other cell type-specific alterations to this population in schizophrenia
challenging. In this dissertation, we attempted to resolve this concern by utilizing proxy markers
for SST neurons that did not depend on the presence or absence of SST signaling itself. In those
experiments, a normal complement of SST mRNA-expressing neurons suggested that the
sensitivity of the assay and microscopic methods rendered these neurons difficult to see by less
sensitive approaches. However, it was clear from findings in chapter 4 that lower SST levels per
neuron were strongly associated with brain pH and RIN levels, raising the specter that lower SST
MRNA levels, like the cognate protein, might be sensitive to some factors that are only relevant in
the context of studies in postmortem human brain and not related to the disease process of
schizophrenia.

Brain pH in particular, in most cohort studies of schizophrenia that our group has
conducted, appears to be lower at a group level in schizophrenia relative to unaffected comparison
individuals, and some suggest this is part of the pathophysiology of schizophrenia (Park et al.,
2021) and other psychiatric disorders (Hagihara et al., 2018). Brain pH is a complex value because
it is principally used as an indicator of the quality of brain tissue used for subsequent studies
(Lipska et al., 2006; Kingsbury et al., 1995; Monoranu et al., 2009). Thus, one plausible
interpretation is that lower SST in persons with schizophrenia reflect differences in brain pH, rather
than the disease process of schizophrenia. If levels of SST are directly influenced by brain pH,

then findings of lower levels of SST mMRNA in schizophrenia might actually reflect differences in
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brain tissue integrity or acidity in individuals living with the disorder (perhaps as a consequence
of medication confounds (Halim et al., 2008)).

A few findings shown here from other data on SST levels from our group do not support
this claim. First, in the second study in chapter 4, we utilized a subset of subjects matched on brain
pH and RIN. This subset of subjects exhibited a disease effect on SST that was larger than the
entire cohort and exhibited no group differences in brain pH. Second, brain pH levels were not a
significant covariate in the tissue cohort used in chapter 3 (F1s1 = 0.22, p = 0.64).

Finally, to fully assess the influence of brain pH and other covariates on SST levels in
different subject cohorts in schizophrenia, | took advantage of other data from our lab where SST
MRNA was measured by gPCR or by RNAseq in total gray matter samples of DLPFC. Cohort
descriptions are described in the original manuscripts. In the first cohort, total gray matter SST
levels were measured by PCR in 62 pairs of schizophrenia and unaffected comparison individuals
(Volk et al., 2016), and a subset of these individuals were selected for the data in chapter 3. In 57
of those pairs, RNAseq values for SST levels were also available, providing a way to index how
these covariates differ by technical variance. In the third cohort, SST mRNA levels were quantified
by PCR in 40 schizophrenia and matched unaffected comparison individuals (Chung et al.,
2018)—a cohort closely resembling that used in chapter 4. In each of these datasets, while age and
diagnosis were clearly significant predictors and explained a significant proportion of the variance
of SST levels, pH never emerged as a significant covariate. Taken together, SST levels are clearly
lower in schizophrenia in a manner that reflects a process other than simply lower brain pH in the

disorder.

154



Table 5. Regression table across studies of SST mRNA, the significant predictor variables in each (bolded), and the proportion of variance explained.

Cohort Size
Method
Layer

R2

Sex

Age

PMI

pH

RIN
Diagnosis

Cohort Size
Method
Layer

RZ

Sex

Age

PMI

pH

RIN
Diagnosis

Ch 3 Cohort
29 UC/29 Sz
FISH
L2/3s
0.451
Proportion
Estimate  p-value Explained
-1.053 0.805 0.1%
-0.169 0.218 2.1%
-0.501 0.109 3.8%
-5.55 0.439 1.0%
2.50 0.428 2.5%
-22.3 0.000 35.7%
Volk et al, 2016
62 UC/62 SZ
gPCR
Total Gray Matter
0.469
Proportion
Estimate  p-value Explained
-0.0054 0.337 0.4%
-0.0013 0.000 22.2%
-0.0008 0.037 3.1%
0.0105 0.235 2.5%
0.0008 0.850 0.5%
-0.0304 0.000 18.3%

Ch 4 Cohort
43 UC/41SZ
gPCR
L2/3s
0.290
Proportion
Estimate  p-value Explained
-0.1526 0.392 1.7%
-0.0164 0.016 5.0%
-0.0224 0.110 3.7%
0.4575 0.173 3.2%
0.2814 0.061 6.1%
-0.5185  -0.004 9.4%
Fromer et al, 2014
57 UC/57 Sz
RNAseq
Total Gray Matter
0.172
Proportion
Estimate  p-value Explained
-0.1697 0.470 0.4%
-0.0242 0.001 8.0%
-0.0044 0.765 0.4%
-0.2915 0.413 0.2%
0.1370 0.446 0.5%
-0.6543 0.002 7.7%
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Ch 4 Cohort
23 UC/23 Sz
FISH
L2/3s
0.500
Proportion
Estimate p-value Explained
-0.2389 0.400 1.9%
-0.0413 0.000 18.5%
0.0005 0.981 1.5%
1.2543 0.025 9.9%
0.2901 0.166 7.2%
-0.4374 0.008 10.7%
Cohort 2 (40 pairs, PCR)
40 UC/40 Sz
gPCR
Total Gray Matter
0.391
Proportion
Estimate  p-value Explained
0.0002 0.968 0.0%
-0.0010 0.000 26.7%
-0.0003 0.346 0.8%
0.0141 0.119 2.0%
0.0020 0.614 1.6%
-0.0126 0.006 7.8%



5.2.2 Homeostatic synaptic plasticity mechanisms contributing to altered cortical SST

levels revealed through model systems

Having shown that tissue factors likely do not account for significant difference in SST
MRNA levels in schizophrenia, it is worth looking to animal and cell culture models to examine
what upstream factors might contribute to lower SST in the disorder. While this section highlights
many factors, it is important to note that virtually none of these possibilities are mutually exclusive,
and multiple mechanisms might be operative in schizophrenia.

One factor that has the clearest evidence of a cause-and-effect relationship on SST mRNA
levels are upstream signaling through brain-derived neurotrophic factor (BDNF). BDNF is
synthesized in excitatory neurons (not SST neurons) and activates other neurons through activity
of its cognate receptor, tropomyosin receptor kinase B (TrkB, NTRK2 gene). Within SST neurons,
TrkB activation and the subsequent signaling through tyrosine kinase pathways appears necessary
to sustain SST mRNA levels. Genetically engineered mice deficient in BDNF exhibit lower levels
of both SST and neuropeptide Y (NPY) mRNA, another neuropeptide co-expressed in many SST
neurons. The deficit in SST mRNA levels is evident regardless of the timing of the gene knockout
(Glorioso et al., 2006), and these deficits are also evident in mice lacking the TrkB receptor (Morris
et al., 2008). In the postmortem brain of individuals with schizophrenia, lower BDNF and TrkB
MRNA levels are evident in the DLPFC (Hashimoto et al., 2005; Hashimoto et al., 2008a; Weickert
et al., 2003), and there is an association between the alterations in BDNF and SST/NPY levels in
schizophrenia (Mellios et al., 2009; Morris et al., 2008).

Alternatively, but not mutually exclusively, deficiencies in excitatory drive onto SST

neurons in schizophrenia could contribute to lower levels of SST and GADG67 in these cells. Thus,
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rather than acting through neurotrophic signaling, alterations to the glutamatergic afferents onto
SST neurons might contribute to the coordinated downregulation of both SST and GADG67 in the
same cells. While it has yet to be empirically demonstrated that SST neurons in the primate DLPFC
receive a major source of excitatory inputs from layer 3 pyramidal neurons, these neurons appear
to receive the majority of excitatory inputs that are made onto GABA neurons in the superficial
layer (Melchitzky & Lewis, 2003).

Certain postsynaptic mechanisms of excitatory inputs onto SST neurons could further
contribute to diminished excitatory drive onto these cells. Since the first observations that
phencyclidine (Javitt & Zukin, 1991) or subanesthetic doses of ketamine (Krystal et al., 1994),
both acting largely (but not exclusively) as noncompetitive NMDA receptor antagonists,
recapitulated certain cognitive and psychotic features of schizophrenia, NMDA receptor
hypofunction is thought to contribute to the pathophysiology of schizophrenia (Krystal et al., 2003;
Coyle, 2012). Relative to PV neurons, SST neurons appear to be more sensitive to the effects of
NMDA receptor antagonists (Lu et al., 2007; Wang & Gao, 2009), and a recent report found that
ketamine administration directly suppressed the activity of SST neurons (Ali et al., 2020).

It is unclear whether this downregulation of SST activity in the face of NMDA receptor
antagonism reflects intrinsic activity of SST or a presynaptic homeostatic compensation. For
example, weaker excitatory drive via NMDA receptors on pyramidal neuron dendrites might evoke
certain cellular mechanisms that downregulate the strength of inhibition received at those dendrites
by SST cells. There is some evidence of this mechanism operative at least in rodent hippocampus:
pyramidal neuron-specific biolistic transfection of a CRISPR/Cas9 system targeted to the
obligatory subunit of NMDA receptors caused a downregulation of inhibitory currents mediated

by SST neurons in hippocampal slices (Horn & Nicoll, 2018). In this manner, the alterations in
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SST neurons could represent an example of homeostatic synaptic plasticity that serve to balance
levels of excitatory and inhibition in cortical circuits generally, and within dendrites specifically

(Chiu et al., 2019).

5.2.3 Regional, laminar, and cellular specificity of SST alterations in schizophrenia

Much of the dissertation has focused on the alterations in GABA neurons in the DLPFC,
especially within the superficial layers, of people with schizophrenia given the crucial role of this
circuit in mediating working memory and distractor filtering. However, SST neurons are not
exclusive to this laminar zone or cortical region, and nor are all SST neurons evident and
identification of alterations in these neurons in other locations could inform how those alterations
arise.

In the DLPFC, transcriptionally and functionally distinct subtypes of SST neurons are
present in the subcortical white matter. Approximately 40% of SST neurons in this laminar zone
are a transcriptionally unique subtype of SST neuron that expresses extremely high levels of
MRNA for other neuropeptides, including NPY and TAC1 (also known as substance P). These
GABA-containing neurons are also distinct from other GABA neurons (indeed, other SST
neurons) in that they form corticocortical projections. In addition, these neurons appear to have a
crucial role in neurovascular coupling (Ruff, 2021). This might be mediated through the robust
expression of nitric oxide synthase 1 (NOS1; also functionally synonymous with labeling of
nicotinamide adenine dinucleotide phosphate (NADPH)-diaphorase described historically (Hope
et al., 1991)) and the receptor for the tachykinin 1 (TACR1,; also known as substance P receptor).
Transcriptomic studies reveal that these neurons are the near-exclusive expressor of a c-type lectin,

chondrolectin (CHODL); therefore, | refer to this unique SST subtype as CHODL cells henceforth.
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One prior study suggested that in contrast to the cortical gray matter layers, SST mRNA
levels were not statistically significantly lower in the subcortical white matter (Morris et al., 2008).
In contrast, some studies reported a higher density of SST neurons (Yang et al., 2011) and
NADPH-diaphorase reactive neurons (Akbarian et al., 1993; Akbarian et al., 1996) in the
subcortical DLPFC white matter in schizophrenia, perhaps indicative of abnormal neuronal
migration (Connor et al., 2010; Duchatel et al., 2019b).

To test whether SST levels were lower in this laminar zone, at the same time that we used
laser microdissection to isolate layer 2-superficial 3 (4.0), we also used microdissection to isolate
the subcortical white matter from the same tissue samples (see Appendix D for details). We
hypothesized that this laminar zone would be unaffected in schizophrenia, possibly reflecting a
combination of higher SST neuron density and lower SST levels per neuron. In contrast, in this
cohort, we found a deficit in SST expression in this laminar zone that was similar to the magnitude
of the disease effect in the superficial gray matter levels. While apparently in conflict with the
prior study (Morris et al., 2008), the disease effect size here (Cohen’s d = 0.62) was remarkably
similar to the effect size reported in that previous study (Cohen’s d = 0.60; (Morris et al., 2008)).
This suggests that SST neurons, regardless of their laminar location in the DLPFC, might be
affected in a similar manner in schizophrenia.

Consistent with the idea that all SST neurons might be affected regardless of layer or
region, studies that have examined other neocortical regions, such as V1, association visual cortex
(V2), posterior parietal cortex, motor cortex, and anterior cingulate cortex (Hashimoto et al.,
2008b; Tsubomoto et al., 2019), consistently show lower SST mRNA levels in schizophrenia. In
addition, some subcortical regions, including the hippocampus and amygdala, exhibit alterations

in SST neurons in those with schizophrenia (Pantazopoulos et al., 2017; Lanz et al., 2019; Konradi
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et al., 2011). This, coupled with the pan-laminar deficit in SST mRNA within the DLPFC,
converges on the idea that SST neurons are vulnerable regardless of their regional or laminar
location or cellular identity.

However, some other findings challenge this idea. One microarray study examining
GABA-related transcripts in the DLPFC, hippocampus, and associative striatum (especially the
dorsal aspect of the caudate and putamen), found that SST levels were lower in the DLPFC and
hippocampus, but not the striatum (Lanz et al., 2019). In contrast to their sparsity in the DLPFC,
CHODL-SST are the near-exclusive subtype of SST neuron in the striatum (Tepper & Kods, 2017;
Tepper et al., 2018), raising the possibility that this neuron subtype, which constitutes only ~40%
of the SST neuron population in the subcortical white matter, might not exhibit lower levels of
SST in schizophrenia.

To test this hypothesis, we are currently conducting an investigation of CHODL-SST cells
in the subcortical white matter of the DLPFC and striatum. As a first step, we confirmed that in
this cohort of schizophrenia and matched unaffected comparison individuals, there were deficits
in the intensity of SST mRNA labeling in the subcortical white matter of the DLPFC (Cohen’s d
=0.52), but not in the dorsal head of the caudate (Cohen’s d = 0.04) (Figure 27A). We are currently
conducting a cell type-specific comparison of SST levels in CHODL-SST cells in both regions,
with the hypothesis that CHODL-SST cells exhibit normal levels of SST in schizophrenia, based

on preliminary findings of CHODL-SST cells in schizophrenia (Figure 27B).
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Figure 26. Potential regional and cell-type specificity of the SST alterations in schizophrenia.

A) Regional differences in SST fluorescence intensity from SST mRNA in DLPFC superficial white matter (sSWM)
and in the dorsal head of the caudate (striatum; STR). Bars indicate the mean, and points show individual subjects.
Lines connect the 18 matched pairs of schizophrenia (SZ) and unaffected comparison (UC) individuals. B) Results of
a single-cell specific study in 3 pairs of SZ and UC individuals for CHODL-negative (left) and CHODL-positive
(right) SST cells. Each point represents a cell, and the shape indicates the human subject pair.

5.2.4 Are SST neuron alterations a consequence of living with a neuropsychiatric disorder?

SST neurons appear to be altered in multiple neuropsychiatric disorders (Lin & Sibille,
2013), including (but not limited to) major depression, Alzheimer’s disease, Parkinson’s disease,
post-traumatic stress disorder (Girgenti et al., 2021), bipolar disorder, and alcohol use disorders
(Brockway & Crowley, 2020; Lin & Sibille, 2015). This has led to a hypothesis that the
vulnerability of SST neurons in all these disorders could index an upstream causal factor that is
common across disorders, such as stress. Consistent with this idea, chronic unpredictable stress
rodent models result in lower levels of SST mRNA, as well as other neuropeptides (Banasr et al.,
2017; Oh et al., 2019). Some other studies comparing across diagnostic categories find that SST

and other neuropeptides, including NPY and TAC1, might be altered in the DLPFC in bipolar and
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major depression, especially in cases where those individuals exhibited psychotic features (Choi
et al., 2008).

In one study (Appendix D), we compared the SST and related neuropeptide alterations in
the superficial gray matter (superficial zone) and subcortical white matter (deep zone) identified
in schizophrenia to individuals diagnosed with bipolar disorder or major depressive disorder.
Interestingly, we found a deficit in SST mRNA levels in the superficial zone in major depression
that was comparable to the deficit in schizophrenia, there was no deficit in the deep laminar zone
in major depression. In bipolar disorder, there was no apparent deficit in SST mRNA in either
laminar zone (Appendix D). These patterns held true for certain other neuropeptides (NPY and
TAC1) as well. In sum, schizophrenia is associated with lower levels of neuropeptides in both
superficial and deep laminar zones, while the deficit in major depression is identified only in the
superficial zone. The laminar-specific deficit in major depression, coupled with the lack of a
significant alteration in bipolar disorder in the superficial or deep laminar zone, argues that
neuropsychiatric conditions or their associated features (i.e., stress or substance use disorders) are
not simply a blunderbuss on SST expression levels in the brain. Future studies should focus on
further dissecting the different factors that might cause alterations in SST neurons in regionally,

laminarly, and cellular-specific fashions.

5.2.5 Vulnerability of somatostatin neurons in normal and pathologic aging

In contrast to the small effect of pH or RIN on SST levels, the data from this dissertation
consistently reveals age as a significant negative predictor of SST mRNA levels. The findings here
are consistent with prior studies in human (Fung et al., 2010; Hoftman et al., 2015; Mohan et al.,

2018; Morris et al., 2008) and monkey (Hayashi et al., 1997). Given the dependence of SST
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neurons on neurotrophic support via BDNF signaling described above, the age-dependent decline
in BDNF could result in lower SST mRNA levels with normal aging.

Alternatively, SST neurons might exhibit some intrinsic vulnerability to certain processes
in normal aging (Tomoda et al., 2022). One of the most striking incidental findings from this
dissertation work was the extraordinary accumulation of lipofuscin granules within SST neurons
that was not as pronounced in other neurons (Figure 28). Lipofuscin is a nondegradable byproduct
of lysosomal degradation pathways, constituting of oxidized protein (30-58%) and lipid (19-51%)
clusters with some metal ions like copper and iron (Terman & Brunk, 2004; Jolly et al., 2002), and
accumulates with aging in postmitotic cells (Jung et al., 2007), including neurons (Peters et al.,
1994; Benavides et al., 2002). In fact, this age-dependent accumulation is so consistent that in
other species, it has been used to reliably estimate the age of certain crustations (Maxwell et al.,
2007; Sheehy et al., 1994). Indeed, the relationship between lipofuscin accumulation and aging
across all neurons in the studies here was nearly perfectly correlated (Figure 28B).

Lysosomal degradation processes, including those that result in lipofuscin accumulation,
have been posited to play a critical role in neurodegenerative disorders, especially Alzheimer’s
disease (Dowson, 1982; Kao et al., 2017). Lipofuscin is posited to not only be a passive byproduct
that accumulates with aging but rather an active part of the processes that contribute to
neurodegeneration (Moreno-Garcia et al., 2018). SST neurons have long-been known to be altered
in Alzheimer’s disease : SST immunoreactivity (Davies et al., 1980; Beal et al., 1986; Beal et al.,
1985) and mRNA levels (Dournaud et al., 1994) are lower in Alzheimer’s disease. SST neurons
show morphological alterations consistent with neurodegeneration in Alzheimer’s disease
(Roberts et al., 1985). Further, neuronal tangles, a pathologic hallmark of Alzheimer’s disease, is

associated with SST immunoreactivity (Roberts et al., 1985; Armstrong et al., 1985; Morrison et
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al., 1985). More recently, a study using single-cell RNAseq in the DLPFC from those with
Alzheimer’s disease found a heightened vulnerability of SST neurons in the disorder (Consens et
al., 2022). Thus, there seems to be a strong link between the vulnerability of SST neurons in aging
and the emergence of Alzheimer’s disease, perhaps related to the abnormal accumulation of
lipofuscin in these neurons.

In addition to its role as a signaling neuropeptide, SST appears to regulate the aggregation
of amyloid beta (Ap), another pathologic hallmark of Alzheimer’s disease. SST itself might
prevent the accumulation of AB in these neurons, either through direct binding to Ap itself and
subsequent inhibition of AP aggregation (Puig et al., 2020; Wang et al., 2017) or indirectly through
upregulation of Ap degradation by neprilysin (lwata et al., 2001; Saito et al., 2005; Rofo et al.,
2021). The latter mechanism has been posited to be a crucial role in sporadic Alzheimer’s disease,
given the negative relationship between age and SST levels (Hama & Saido, 2005).

A few intriguing hypotheses emerge from these findings. One is that if DLPFC SST
neurons do mediate distractor resistance, then their presumed progressive dysfunction during aging
could contribute to age-dependent diminishment of working memory capacity due to impaired
distractor resistance (McNab et al., 2015). Another possibility is that accelerated lipofuscin
accumulation in these cells leads to lower levels of SST and abnormal A accumulation that seeds
the pathology observed in Alzheimer’s disease. Of course, establishing this causal linkage of
events requires rigorous examination in model systems, coupled with findings in the postmortem

brain (see 5.5).
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Figure 27. Markedly higher levels of lipofuscin in SST neurons relative to other neuron subtypes.
A) SST neurons exhibit markedly higher levels of lipofuscin relative to other cell types, although the were no
differences between diagnostic groups (UC, left, SZ, right). With regard to lipofuscin per neuron, the effect of layer
(F1,386 = 11.4, p. = 0.0008) and cell type (F3,398 = 263.9, p < 0.00001) were both significant, while diagnosis was
not. B) As predicted, lipofuscin levels per neuron (y-axis) are highly correlated with age in this cohort in both
diagnostic groups. C) and D) Representative images showing lipofuscin accumulation in SST neurons in (C1-3) a 24
year old female (HU1099) and in (D1-3) a 67 year old female (HU818). Note the accumulation of lipofuscin with
aging and the decline in SST signal. Scale bar in C1 and D1 = 10 um.
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5.3 FUNCTIONAL IMPLICATIONS OF ALTERED SOMATOSTATIN NEURONS IN

THE DLPFC OF SCHIZOPHRENIA

In this dissertation, | have posited that alterations in SST neuron function in the DLPFC
could contribute to cognitive dysfunction, specifically in the context of working memory. For the
majority of this dissertation, the interpretation of ‘SST neuron’ function has revolved around those
that appear to preferentially target pyramidal neuron dendrites and provide an inhibitory gate to
the excitatory inputs received there. It is important to caveat here that this is not the exclusive type
of synaptic connection that SST neurons can make; they also appear to form synaptic connections
onto VIP-expressing cells and PV-expressing cells (Campagnola et al., 2022). In rodent cortex,
SST cells in layer 4 preferentially target PV neurons over pyramidal cells (Xu et al., 2013).
Moreover, the subtype of subcortical white matter SST neuron appears to project their axons over
long distance, and it remains unclear what the preferred postsynaptic target is (Tomioka &
Rockland, 2007). With those caveats, | constrain the subsequent discussion of functional
consequences by inferring the consequences of alterations to SST neuron that synapse onto
pyramidal neuron dendrites in layer 2-superficial 3 in the context of the working memory circuit,

while briefly commenting on the implications for neurovascular coupling.

5.3.1 Alterations to dendritic integration of inputs in pyramidal neurons in the DLPFC of

schizophrenia

As stated in the General Introduction (1.4.4), dendritic inhibition clearly has a critical role
in controlling the activity of cortical circuits, and possibly refining the tuning curves of excitatory

cells. One possibility is that weaker GABA-mediated inhibition from SST neurons contributes to
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broader tuning curves in excitatory cells in the DLPFC circuitry in schizophrenia (Starc et al.,
2017; Murray et al., 2014b). Functionally, this could result in pyramidal ensembles that are poorly
tuned to the specific memoranda to be kept online in working memory

Dendritic inhibition also has a crucial role in the control of calcium spikes in pyramidal
neuron dendrites. Classically, calcium signaling in dendrites is thought to be a key player in short
and long-term synaptic plasticity. Recently though, and in a manner that appears exclusive to
human neocortical layer 2/3 cortical pyramidal neurons, dendritic calcium signaling also results in
action potentials generated within the dendrite. These action potentials render certain logical
operations (i.e., XOR, not only than AND/OR) to be computed efficiently in a manner not
dependent on multilayered networks by suppressing the amplitude of the calcium-mediated action
potential when the input strength is above a certain optimal strength (Gidon et al., 2020).
Importantly, these dendritic action potentials critically depend on inhibition at dendrites, as
inhibition repolarizes the dendritic subregion also targeted by excitatory synapses to recover
dendritic action potential amplitude (Gidon et al., 2020). This notion is consistent with the idea
that inhibition may also counterintuitively enhance the excitability of the dendrite (Chiu et al.,
2013).

Finally, GABAergic inhibition by SST neurons onto dendritic spines might support the
stability of those spines over development. For example, GABA signaling onto dendrites has a
similar role to glutamate (Kwon & Sabatini, 2011) in the promotion of dendritic spine formation:
manipulation of GABA release from SST neurons results in concurrent up- or down-regulation of
dendritic spines in development through GABAA receptors and control of calcium signaling in the
dendrites (Oh et al., 2016). One possibility is that dendritic inhibition, mediated through GABAA

receptors, carefully controls calcium signaling in dendrites to both mediate synaptic plasticity in
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the form of dendritic spine growth (Marlin & Carter, 2014; Higley, 2014) and prevent excessive
calcium signaling which might contribute to degradation cascades contributing to spine deficits
(Arnsten et al., 2020). In fact, SST released from SST terminals might have a unique role in
controlling dendritic calcium signaling, as described in the next section. Thus, while the available
data suggests that pyramidal neuron alterations are upstream to SST alterations in schizophrenia,
deficit inhibitory drive from SST neurons onto pyramidal neuron dendrites in the disorder could
conversely contribute to pathologic calcium signaling in dendritic spines and subsequent decay of

spines.

5.3.1.1 What is the role of SST as a signaling neuropeptide?

Much of this dissertation has focused on SST as a shorthand for a particular subtype of
GABA neuron, expressing SST, with certain functional, physiological, and connectivity
properties. However, consistent findings of lower SST in the disorder raise important questions
about the functional consequences of diminished release of SST as a signaling neuropeptide. As
alluded to above, there has been some early evidence that SST itself controls calcium signaling in
neurons (Inoue & Yoshii, 1992; Meriney et al., 1994). However, the specific role of SST as a
signaling neuropeptide has remained somewhat elusive. Early studies in cell culture report dose-
dependent effects of SST on neuronal firing: lower concentrations of SST tended to favor neuronal
depolarization, while higher concentrations of SST tend to depress the activity of neurons (Delfs
& Dichter, 1983). While this might reflect postsynaptic mechanisms through SST receptors, SST
also appears to act on presynaptic SST receptors on excitatory terminals to suppress excitatory
output from pyramidal neurons (Boehm & Betz, 1997). In the rodent visual cortex, this
connectivity profile was found to improve the visual discrimination in vivo by inhibiting excitatory

drive onto PV neurons (Song et al., 2020). In the context of schizophrenia, | predict that lower
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SST levels contribute to the disrupted homeostatic calcium signaling in dendrites, in concert with
diminished GABA signaling from those neurons. Together, these alterations could disrupt the
tuning of pyramidal neurons in the DLPFC either directly through their actions on pyramidal

neurons or indirectly by altered the excitatory synapses onto PV neurons.

5.3.2 Implications of SST neuron alterations for neurovascular coupling

SST neurons have been clearly implicated in the process known as neurovascular coupling
(Cauli et al., 2004; Cauli & Hamel, 2010). This process couples neuronal activity to dilation of
local arterioles and increased cerebral blood flow to brain areas that are highly active. A certain
transcriptional subtype of SST neuron, namely CHODL-SST neurons, exhibit markedly high
levels of nitric oxide synthase 1 (NOS1) (Dawson et al., 1991; Bredt et al., 1991; Yan et al., 1996;
Smiley et al., 2000). Moreover, these neurons form close appositions to blood vessels nearby
(Vaucher et al., 2000; Ruff, 2021). Upstream signals for the release of nitric oxide onto could come
from other neurons in the cerebral cortex that express tachykinin 1 (TAC1), including PV basket
cells (Jones et al., 1988) which also have a direct role in the regulation of arteriole dilation (Jansen
etal., 1991) and SST neurons, including CHODL-SST cells (unpublished observations). Given the
rich expression of TACL receptor on CHODL-SST cells, the activity-dependent activation of PV
neurons might cause the release of TAC1, which acts in a paracrine manner to stimulate CHODL-
SST cells and subsequent release of nitric oxide onto local vasculature (Vruwink et al., 2001). In
the context of schizophrenia, lower DLPFC activation during working memory likely reflects
deficient neuronal activity and thus less ‘demand,” but how that demand is translated into altered
local cerebral blood flow is less clear. One possibility is that deficient neuronal activity contributes
to the activity-dependent downregulation of TAC1 (Hendry et al., 1988; Benson et al., 1994),
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leading to lower activation of CHODL-SST neurons that are enriched in the TAC1 receptor and
less dilation of arterioles through NO release. In addition, alterations in levels of NOS1 or NPY
(which causes vasoconstriction (Cauli et al., 2004)) could alter the coupling of neuronal activity
to increases in cerebral blood flow. Elucidation of the alterations in this SST subtype in the context

of schizophrenia remains an ongoing study.

5.4 THERAPEUTIC IMPLICATIONS FOR TARGETING SOMATOSTATIN NEURON

DYSFUNCTION IN SCHIZOPHRENIA

If the alterations to DLPFC SST neurons in schizophrenia underlie some aspect of working
memory disturbances in schizophrenia, then targeting these neurons through novel therapeutic
interventions might provide amelioration of the cognitive disturbances in the disorder. The work
in this dissertation has shown that SST neurons are present, not absent, in the DLPFC of those with
schizophrenia. The presence of a normal complement of SST neurons in schizophrenia motivates
new therapeutic strategies that target these neurons and ameliorate their dysfunction, with the goal
of restoring the distractor-resistant circuit in the DLPFC. Importantly, because there are no SST
neurons to ‘replace,” the current findings argue for therapeutic strategies aside from cell-based
transplantation approaches (Southwell et al., 2014). Here, | posit three alternative strategies of how
therapeutic approaches could contribute to enhanced efficacy of SST neuron signaling in the
context of schizophrenia.

One strategy is to enhance the efficacy of presynaptic glutamate release onto SST neurons,
and some preclinical models provide support for this strategy. Augmentation of metabotropic

glutamate receptor 1 (mGIuR1) preferentially enhances the activity of SST neurons in rodent
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models, and a mGIluR1 positive allostatic modulator restored the cognitive deficits introduced by
MK-801, an NMDA receptor antagonist, in rodents (Maksymetz et al., 2021).

Alternatively, if the activity of SST neurons in schizophrenia reflects homeostatic
compensatory mechanisms in response to weaker excitation of dendrites, then upregulation of the
activity at the site of the dendrite could restore the strength of SST neuron inhibition. As an
intriguing new avenue of research in this area involves the use of psychedelics like psilocybin to
restore dendritic spine deficits introduced by chronic stress (Shao et al., 2021). The structural
alterations in spines are rapid and enduring in rodents, but it is unclear what the impact on SST-
mediated inhibition is in this model. The complex role that drugs like ketamine and psilocybin
have in cortical circuits requires more research to understand possible region- and cell-type
specific consequences (Savalia et al., 2021).

SST neurons classically form synapses onto postsynaptic GABAA receptors enriched in the
ab subunit (Cao et al., 2020; Ali & Thomson, 2008; Schulz et al., 2018), and agonists acting at
GABAAa-a5 containing have garnered a great deal of interest for their potential pro-cognitive
benefits in preclinical models (Jacob, 2019; Gill & Grace, 2014; Gill et al., 2011). GABAA-05
receptors might play critical roles in restoring the homeostasis of dendrites, as their administration
restores atrophy in the dendritic arbor in aging and stress paradigms (Fee et al., 2021; Prevot et al.,
2021; Prevot et al., 2020). Given the early developmental role that GABA has in inducing spine
formation (Oh et al., 2016), it is possible that strengthening of these GABAergic synapses might
restore the dendritic dysfunction observed in schizophrenia (Glausier & Lewis, 2013).

Finally, SST analogues, the most common of which is octreotide, have been used clinically
for the treatment of disorders of excessive growth hormone release and other endocrine disorders.

However, these drugs do not seem feasible for the treatment of brain disorders, including
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schizophrenia, given their poor passage through the blood-brain barrier, although some novel
approaches are seeking to remedy this problem to improve the availability of SST analogues to
enter the brain (Song et al., 2021). The functional consequences of such a strategy are unclear, but
side effects relating to endocrine function seem likely based on the role of SST in the

hypothalamus.

5.5 CONCLUSIONS & FUTURE DIRECTIONS

In conclusion, the findings of this dissertation work contribute to a body of knowledge
advancing knowledge about GABA neuron disruption in the context of schizophrenia. This
knowledge elucidates different hypotheses for the emergence of those disruptions in schizophrenia

and how we might develop more specific therapeutics to target those disruptions.

5.5.1 Further elucidation of mechanisms that render SST mRNA levels lower in

schizophrenia

Here, | have posited the idea that deficits in SST and GAD67 mRNA within SST neurons
are a reflection of upstream alterations in pyramidal neurons. While both transcripts are clearly
activity-dependent (Hou & Yu, 2013; Benson et al., 1994), evidence of this cause-and-effect
relationship within cortical circuits is lacking. To address this, | propose to examine SST and
GADG67 mRNA levels in a variety of animal models with downregulated pyramidal neuron
activity. For example, ARP2/3 knockout mice (Kim et al., 2013) introduce spine deficits in cortical

pyramidal neurons in embryo, likely introducing early alterations in excitatory drive that could
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lead to lower levels of SST mRNA. Indeed, in the medial PFC of these mice, SST mRNA levels
are lower (Table 6), in support of the model that genetically mediated deficits in dendritic spines
in schizophrenia contribute to alterations in SST neurons.

In addition, it has been previously shown that embryonic or adult gene deficits in BDNF
production result in lower levels of SST and NPY in these mice (Glorioso et al., 2006; Hashimoto
et al., 2005). However, these prior studies were not able to assess whether the timing of the
knockout interacted with the distinct subtypes of affected SST neurons. | hypothesize that
embryonic, and not adult, deficits in BDNF result in deficits in SST expression specifically in the
CHODL-SST subtype. In support of this hypothesis, a survey of prior labeled in situ slides for SST
and NPY mRNA in these mice showed that SST levels are lower in the gray matter of the medial
PFC, but not in the corpus callosum or striatum, where CHODL-SST neurons are enriched.
Affirmative findings would offer insight into laminar differences in SST alterations observed in
schizophrenia compared to major depressive disorder (Appendix D).

Consistent with this idea, manipulations in pyramidal neuron function should take place at
multiple developmental stages. To accomplish this, current studies are investigating the alterations
to SST and GADG67 within SST neurons in the context of viral-mediated downregulation of
pyramidal neuron activity through overexpression of Kir2.1 (Xue et al., 2014). Kir2.1 under
control of the CamKIIA promoter renders pyramidal neurons hypoactive by introducing potassium
channels that bring the membrane potential closer to —-90 mV. In one monkey, we found robust
labeling of the transfected gene, mouse Kir2.1 (Kcnj2) mRNA within pyramidal and not SST
neurons. At the site of injections, however, levels of SST mRNA were lower compared to the non-

injection sites (Table 6). Future experiments should be conducted that control for the injection
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manipulation by injection of a Kir2.1 channel with a mutation in the pore that renders this channel
nonconducting.

Finally, the association of lipofuscin accumulation, age, and downregulation of SST
MRNA with aging raise the interesting possibility that higher lipofuscin accumulation contributes
to the deficits in SST mMRNA. To address this causal link, progranulin-deficient mice accumulate
lipofuscin much faster than wild-type animals (Ahmed et al., 2010; Evers et al., 2017; Kao et al.,
2017). In these animals, | propose to examine the age-dependent decline in SST mRNA levels,

with the hypothesis that this decline is accelerated in the progranulin deficient animals (Table

Table 6. Proposed experimental systems to elucidate upstream causes of lower SST.
Experimental

System Species Timing SST mRNA Alteration

ARP2/3 Knockout ~_ MUS MPFC: —19.9% | M1: +4.0%
musculus Embryo

BDNF Knockout Mus MPFC: —46.3% | CC: —44.9% | STR: — 36.3%
musculus Embryo

BDNF Knockout Mus mPFC: -31.6% | CC: —14.5% | STR: -5.4%
musculus Adult

Kir2.1 Viral Rhesus

Overexpression in Adult Injection Site: —26.8%

) macaque

Pyramidal neurons

Progrgnulm Mus Embryo 2

Deficiency musculus

Abbreviations: mPFC, medial prefrontal cortex; M1, motor cortex; CC, corpus callosum;

STR, striatum. Percentages reflect initial findings from pilot studies in these systems.
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5.5.2 Somatostatin from the cradle to the grave: examining age-dependent trajectories in

SST neuron function

One of the outstanding questions raised from this dissertation work regards the timing of
GABA neuron alterations in schizophrenia. We have posited that alterations in GABA neurons are
a consequence of temporally and causally upstream alterations in pyramidal neurons (Dienel et al.,
2022). One possibility is that genetic risk for schizophrenia enriched in excitatory cells early in
development interferes with the normal maturation of SST neurons (Pan et al., 2019; Wong et al.,
2018a). However, finding of a normal complement of SST neurons in the present study argues
against a frank migratory deficit, as observed in some of those animal models (Wong et al., 2018a).

Alternatively, these alterations could emerge later in embryogenesis, given the early
maturational profile of SST expression in embryo (Fitzpatrick-McElligott et al., 1991; Hayashi &
Oshima, 1986; Yamashita et al., 1989; Wahle, 1993; Chun & Shatz, 1989). This early maturation
of SST neurons appears to be critical for the developmental of cortical layers (Tuncdemir et al.,
2016). Thus, maternal immune activation might contribute to a deficit in the proper maturation of
SST neurons, although the mechanisms of that interaction remain unclear (Duchatel et al., 2019a;
Duchatel et al., 2016) and may not capture the nature of the alteration observed in schizophrenia.
Thus, | propose to examine SST neurons in the context of an animal model of maternal immune
activation to assess whether this recapitulates the disease alterations or is reflective of a disease
process that might not be operative in schizophrenia.

Moreover, fundamental questions about the postnatal developmental trajectory of SST
neurons remains unclear. The available data suggests that individuals have the highest levels of
SST at birth, and those levels decline steadily throughout life (Fung et al., 2010; Hoftman et al.,

2015). However, other factors of the developmental profile of SST neurons in the DLPFC are
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unclear and could have implications for the working memory over the course of adolescence. For
example, humans (Olesen et al., 2007) and monkeys (Zhou et al., 2016) appear to improve in their
ability to resist distracting stimuli during adolescence. Therefore, |1 hypothesize that levels of
GADG67 increase specifically in the SST neuron population over the course of adolescent
development, and that this increased capacity to provide GABA inhibition onto dendrites by SST
cells contributes to the age-associated improvement in distractor resistance.

If the model we propose is explanatory (Dienel et al., 2022), then individuals in the earliest
stages of the disease course of schizophrenia should show deficits in SST levels than what would
be expected for this age. There is some weak evidence supporting this idea, given the alterations
in even young individuals with schizophrenia shown in Chapter 3. However, only a few individuals
fell into this category. In a future experiment, | would be interested in utilizing a cohort of younger
(ages 20-35) individuals diagnosed with schizophrenia to assess whether the alterations in SST
neurons are present at this early stage of the disorder. In our brain bank, there are at least 15
individuals with schizophrenia who fit into this age group.

Finally, given the vulnerability of SST neurons in a panoply of neuropsychiatric conditions
and aging, | am interested in dissecting the relationship between these factors. | think an important
first step towards this goal would be to characterize the nature of SST alterations in multiple
disorders in the aged population, comparing individuals with Alzheimer’s disease, early Braak
stage individuals, late life mood disorders (Sweet et al., 2004), elder individuals with
schizophrenia, and neuropsychiatrically unaffected individuals. Characterizing the nature of the
SST alterations across these conditions could suggest interesting hypotheses about how each
disorder could individually lead to lower SST through distinct disease pathways. In a first step

towards supporting that hypothesis, diagnosis-specific alterations across SST in different laminar
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locations and different subtypes could generate new ideas about how different upstream factors

might lead to a similar outcome in each disorder (i.e., lower SST).

5.5.3 Conclusions

In conclusion, results of this dissertation work have demonstrated that SST neuron
enrichment in the DLPFC reflects differences in the proportion of SST neurons in that region, and
not differences in SST expression levels per neuron. Conversely, the SST mRNA deficit observed
in schizophrenia is due to lower levels of SST mMRNA per neuron and not fewer neurons. Finally,
inhibition from SST neurons is very likely weaker in schizophrenia, given lower levels of the
principal GABA synthesizing enzyme, GADG67, in these cells. Together, our findings illuminate
that the DLPFC enrichment in SST neurons, and the alterations to that cell type in schizophrenia,
likely underlie the normative distractor-resistant circuit in the DLPFC and the heightened
sensitivity to distractors in people with schizophrenia. These cognitive functions likely have
generalizable outcomes that reflect functional outcomes in schizophrenia. Given the normal
complement of SST neurons in schizophrenia, therapeutic strategies that restore the function of
these neurons offer hope for the introduction of a novel pro-cognitive therapeutics that might

finally ameliorate the cognitive burden in the disorder and improve the lives of those with it.
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APPENDIX A DEMOGRAPHIC, POSTMORTEM, AND CLINICAL
CHARACTERISTICS OF HUMAN BRAIN TISSUE SPECIMENS USED IN THIS

DISSERTATION
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Appendix Table 1. Demographic and tissue characteristics of human postmortem subjects used in Chapter 3.0.

Unaffected Comparison Subjects

Schizophrenia Subjects

" DSM-1V Co-
Tissue DSM-IV Duration of Tissue
pair Case Sex Race | Age(yr)| BMI [Pmichn | pHe RIN Storage Medications Tobacco ME’;’;;‘” Cause of Death Pair Case Schizophrenia | Schizophrenia [ MOTPId Substance | g, Race | Ageyn) | BMi [Pmign| pHe RIN Storage Medications TODACCO 1o ner of Death | Cause of Death
Time (mo)® Diagnosis ATOD Diagnosis (yr) o Time (mo)®
ATOD
— Schizoaffective -
1 1406 M B 27 | a9 | 146 | 63 83 1622 N Y Natural Peritonitis 1 547 roattect 9 None M B 2 u 165 | 69 74 3010 | BCDLOP u Accidental Heat Stroke
Cardiovascular Schizoaffective Combined Drug
2 700 M w 42 u 261 | 71 87 282.1 N u Natural Disense 2 539 poaftet 31 None M w 50 264 | 409 | 69 8.1 306.6 cobop Y Undetermined Overdose
Blunt Force Undifferentiated
3 988 M w 82 | 206 | 225 [ 67 84 2739 o N Accidental S 3 621 Sthimrents 55 None M w 83 26 | 156 | 72 87 254.8 o u Accidental Asphyxiation
Pulmonary noid ‘Alcohol Intestinal
4 806 M w 57 | 280 | 238 | 70 78 2780 o N Natural oo 4 665 Schingprenia 32 Dependence M B 59 63 | 280 | 70 92 302.2 por Y Natural Hemonhage
Cardiac Schizoaffective ; -
5 852 M w 54 | 344 82 68 91 2248 N Y Natural Tamporade 5 781 poattect 15 None M B 52 211 80 67 71 288.4 por Y Accidental Peritonitis
6 9871 F w 65 | 265 | 206 | 67 | 91 293 o N Natwral | Cardiovascular 6 802 Schizoaffective r Alcohol F w 63 | 252 | 289 | 70 | 92 2642 cop N Natural Cardiovascular
Disease Disorder Dependence Disease
Blunt Force Schizoaffective ‘Alcohol Salicylate
7 727 M B 19 | 256 70 70 92 2248 N N Accidental T 7 829 poaftet 5 Dependence M w 2 22 50 68 93 260.1 BC Y Suicide oveios
8 1374 M w 3 | a0 | 27 | 66 | 72 258.0 o N Natwral | Cardiovascular 8 904 Schizoaffective 8 None % w 33 | 384 | 280 [ 63 | 71 2380 cop Y Natural Pneumonia
! ] Undifferentiated Cardiovascular
9 818 F w 67 | 378 | 285 [ 71 84 248.1 o N Accidental | Anaphylaxis 9 917 Schizophrenia 50 None F w 7 255 | 238 | 71 70 2346 op Y Natural Dl
Cardiovascular Disorganized Cardiovascular
10 857 M w a8 | 27 | 162 | 67 89 2730 N Y Natural e 10 930 S 3 None M w a7 346 | 153 | 63 82 2340 co Y Natural Dt
1 739 M w 40 192 158 67 8.4 209.1 N Y Natural Cardiovascular 1 933 Disorganized 2 None M w 44 456 83 61 81 2005 cpbor N Natural Myocarditis
Disease Schizophrenia
Blunt Force Undifferentiated Alcohol Combined Drug
12 10003 M w 49 | 202 | 212 | 65 84 1741 N N Accidental T 12 1088 Shimereais 2 Dependence: M w 49 271 | 25 | 64 8.1 200.7 por Y Accidental Overdos
Cardiac Schizoaffective Cardiovascular
13 1122 M w 55 | 202 | 154 [ 65 89 2055 o Y Natural Tamponade 13 1105 poattea 5 None M w 53 303 79 6.1 8.9 2076 P Y Natural Dieenes
Cardiac Disorganized Cardiovascular
1 1336 M w 65 | 278 | 184 | 67 80 1846 o Y Natural Tamponade 14 173 Pttt 3 None M w 62 29 | 20 | 63 71 198.9 op Y Natural Do
Mitral Valve Schizoaffective Pulmonary
15 1092 F B w0 | 393 | 166 | 67 80 2269 o N Natural Prolapse 15 178 et 1 None F B 7 37 | 189 | 61 8.4 194.1 BP Y Natural by
16 1284 M w 55 252 64 68 87 198.0 N Y Natural Cardiovascular 16 1188 Undifferentiated 33 None M w 58 173 7.7 61 84 2005 cop Y Natural Cardiovascular
Disease Schizophrenia Disease
Cardiovascular Undifferentiated . Combined Drug
7 970 M w a2 | 286 | 259 | 64 72 190.1 N Y Natural i 7 1222 pkiliy 16 Alcohol Abuse | M w 32 38 | 308 | 64 75 190.9 DP N Suicide pited
Cardiovascular Undifferentiated
18 1268 M B 49 | 271 | 199 | 69 79 176.6 o N Natural Dioene 18 1230 Sthisrents 28 None M w 50 319 | 169 | 64 82 1902 por Y Suicide | Doxepin Overdose
Cardiovascular Undifferentiated Cardiovascular
19 1247 F w 58 | 39 | 227 | 62 84 208.1 o N Natural e 19 1240 Sthisarents 2 None F B s0 | 445 | 220 | 62 71 180.4 op Y Natural D
Cardiovascular Undifferentiated )
20 1159 M w 51 | 385 | 167 [ 65 76 2020 o N Natural e 2 1296 Sehisomrents 35 None M w 4 167 78 63 73 182.3 por Y Natural Pneumonia
Cardiovascular Undifferentiated Cardiovascular
21 1326 M w 58 | 321 | 164 [ 67 80 176.2 o N Natural Divease 2 1314 Schizopmrenia 3 None M w 50 21 | 110 | 66 72 1788 cobop N Natural Diveate
22 1466 F B 64 271 | 200 67 88 2412 o N Accidental Blunt Force 22 1341 Schizoaffective 30 Opioid F w 44 191 | 245 65 88 1715 BOP N Accidental | Penelrating Force
Trauma Disorder Dependence
Cardiovascular Schizoaffective
23 902 M w 60 | 252 | 236 | 66 77 169.4 N Y Natural Dioene 23 1361 poaftect a7 None M w 63 267 | 282 | 64 71 2412 cop Y Natural Cardiomyopathy
Pulmonary Schizoaffective Alcohol Combined Drug
% 1792 F w 36 | 200 | 281 | 64 75 186.9 o Y Natural oy 2 1506 ot 29 Dependence F w e | a7 | 141 | 66 75 1925 por Y Accidental Beron
Blunt Force Schizoaffective Alcohol Cardiovascular
2 1270 F w 73 | 246 | 197 | 67 71 1518 o N Accidental i 2 1579 roatte 44 Dependence: F w 69 29 | 161 | 66 71 1734 BOP Y Natural Do
! Blunt Force Paranoid Cardiovascular
2% 1563 M w 58 | 282 | 101 [ 67 82 94.0 N Y Accidental Trama £ 1686 Schingprenia 36 None M B 56 285 | 141 | 62 83 1448 BDOP Y Natural Divecs
Cardiovascular Schizoaffective Sedative or Cardiovascular
27 1384 M w 67 | 265 | 209 | 66 70 186.6 o Y Natural it 27 1712 et 45 Hypnotic or M w 63 1 | 151 | 61 71 130.0 coop N Natural Divease
Cardiovascular Undifferentiated Cannabis !
28 1558 M w 54 | 206 | 244 | 68 77 129.4 o N Natural i 23 1734 plekiliy 32 Depenaente M w 54 28 | 286 | 61 71 127 op Y Natural Pheumonia
noid "Alcohol Abuse; Salicylate
29 1324 M 43 | 309 | 223 | 68 73 167.3 N N Natural | Aortic Dissection 2 10020 Schinaphronia 20 Otherlunknown | M w 38 198 | 288 | 65 74 106.3 cop Y Suicide oot
30 1099 F 24 182 91 65 86 1342 o Y Natural Cardiomyopathy 30 10023 ;‘;;f::;;:‘“a 10 None F B 25 328 201 65 74 1026 BDP N Suicide Drowning
Mean 515 | 286 | 190 | 67 82 2029 Mean 278 501 | 283 [ 190 | 65 80 206.7
Standard Standard
Dovicion 143 | 61 57 02 06 470 Derteton 137 138 | 82 86 03 07 56.1
Footnote:

Abbreviations

Reported value is the mean of prefrontal and cerebellar or occipital pH values.

bStored at -80C

Case 818 is the exception, with only the prefrontal pH value reported.

‘Medications at time of death: B, benzodiazepines; C, anticonvulsants; D, antidepressants; L, lithium; N, no medications; O, other medication(s); P, antipsychotic; U, unknown

\987: Posttraumatic Stress Disorder in remission for 39 years

yr, years; PMI, postmortem interval (hours); RIN, RNA integrity number; mo, months; ATOD, at time of death; F, female; M, male; B, black; W,
white; Y, yes; N, no; U, unknown
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Appendix Table 2. Demographic and tissue characteristics of human postmortem subjects used in Chapter 4.0.

Unaffected Comparison Subjects Schizophrenia Subjects
Tissue DSM-1v Durationof | Morbid Tissue | Medicati
Case Sex Race @?T BMI F(’r:\f)l pHE RIN Storage Medcations | Tobacco | Manner of Cause of Case | STNZOPNENA | sehizophrenia | SubstanceUse | - Sex Race | Age(yr) BMI PMI (hr) pH? RIN Storage ons Tobaceo Mannet of Cause of
Time (mo)” g Diagnosis (yr) Diagnosis Time (mo)® | ATOD
ATOD
ATOD
Cardiovascular Disorganized Alcohol Intracerebral
686 F w 52 213 226 71 85 278 o Y Natural Dt ST | Gonrenia 20 Dependence F w a8 204 37 67 93 3027 P Y Natural Hemorthage
789 M w 2 234 201 69 78 260.7 N N Accidental | Asphyxiation 537 5““3;2'[;2‘:‘” 8 None F w 37 u 145 6.8 86 300.3 N u Suicide Asphyxiation
Ruptured Undifferentiate
79 M w 68 287 118 6.7 82 2502 N N Natural Aortic 587 d 20 None F B 38 383 169 7 9 2021 BLOP Y Natural Ca’g‘gﬁg“"’"
Aneurysm Schizophrenia
838 ™ w 58 us 165 71 85 299 o N Natwral | G 656 ¢ 30 Alcohol F B a 201 198 72 92 222 op v Suicide Gunshot
Disease Disorder Dependence Wound
840" F w a 26.1 15.4 67 91 2495 N Y Natwral | G 781 ¢ 15 None M B 52 211 8 67 71 2622 por Y Accidental Peritonitis
Disease Disorder
841 M w 70 266 212 73 72 2494 N N Natural Cardi 787 i 3 Cannabis M B 27 347 19.1 69 84 261 op N Suicide Gunshot
hy Disorder Abuse Wound
855 M ) 62 233 114 7 84 246.1 o N Natural ¢ 802 43 Aleohol F w 63 252 289 7 92 258 cop Y Natural Cardiovascular
hy Disorder Dependence Disease
988 ™ w 8 206 25 67 84 228 o N Accidental | BluntForce § gy | Disorganized 16 None F w a 26 171 71 94 249 P Y Suicide Blunt Force
Trauma Schizophrenia Trauma
I Undifferentiate I
1031 M w 53 348 232 7 89 2156 N N Natural | Cordiovaseular | g7 d 50 None F w 7 255 238 71 7 235.9 op Y Natural Cardiovascular
Disease ' Disease
Schizophrenia
1047 M w 43 294 138 66 9 2136 o N Natural Cardiovascular | g3, Disorganized 28 None v w a7 346 153 63 82 2325 co Y Natural Cardiovascular
Disease Schizophrenia Disease
OE”“’”'C Undifferentiate N A'C‘;“"' ) Combined
10817 F w 57 269 14.9 6.8 9 208.2 BO N Natural o ?“’“"’9 1088 d 24 GCW‘ i’!“e- M w 49 271 215 6.4 8.1 2075 por Y Accidental Drug
uimonary Schizophrenia annabis Overdose
Disease Abuse.
1086 M w 51 255 242 6.7 93 2077 N Y Natural Cardic 1178 1 None F B 7 317 189 6.1 84 1985 BP Y Natural Pulmonary
Disease Disorder Embolism
! Undifferentiate I
1002 F B 4 393 166 67 8 207.1 o N Natural Mitral Valve 1155 d 3 None M w 58 173 7 6.1 84 196.8 cop Y Natural Cardiovascular
Prolapse . Disease
Schizophrenia
S scDo Combined
1153 M w 55 342 28 6.4 8 200.5 N N Natural 1189 4 None F w 47 378 144 6.3 83 196.6 Y Suicide Drug
Disease Disorder P o
verdose
1106 F w E 23 145 64 82 1058 o N Accidental | Asphyxiation | 1211 | Schizoaffective 12 None F w a N 201 63 78 1042 por ¥ Natural Cardiovascular
Disorder Disease
Cardiovascular Undifferentiate Combined
1247 F w 58 359 227 62 84 188.1 o N Natural e 1222 d 16 Alcohol Abuse | M w 32 318 308 6.4 75 102 DP N Suicide Drug
Schizophrenia Overdose
Undifferentiate
1282 F w 39 306 25 68 75 1827 N N Natural | Cordiovaseular § 59 d 2 None F B 50 446 229 62 71 188.8 op Y Natural Cardiovascular
Disease ] ' Disease
Schizophrenia
Blunt Force Undifferentiate
1293 F w 65 197 185 65 7 180.8 N N Accidental = 1256 d 6 None M w 34 22 27.4 63 79 1866 P N Suicide Asphyxiation
rauma Schizophrenia
Cardiovascular Undifferentiate
1298 M w 48 36.4 245 66 79 1797 N N Natural e 1263 d a None M w 62 179 227 67 85 185.7 DP Y Accidental | Asphyxiation
seas Schizophrenia
! Undifferentiate I
1324 M w 43 309 223 68 73 1745 N N Natural Aortic 1314 d 3 None M w 50 21 1 66 72 176.8 cobop N Natural Cardiovascular
Dissection ' Disease
Schizophrenia
1355 F w 74 29 249 66 7 1699 o N Natural 1341 ¢ 30 Opioid F w 44 191 245 65 88 1713 BOP N Accidental Penetrating
Hemorrhage Disorder Dependence Force Trauma
Schizoaffective o Combined
1371 M B 33 209 13 6.2 85 167.9 o N Natural Myocarditis 1367 . 24 Dependence; M w 47 343 289 65 7.2 168.9 N N Accidental Drug
Disorder Cocaine
Overdose
Dependence.
1374 M w 43 4 217 6.6 72 167.4 o Y Natural Cardic 1420 29 None M w a1 323 234 6.8 8.2 157.7 DP Y Suicide Blunt Force
Disease Disorder Trauma
1301 F w 51 283 78 65 71 1635 o Y Natural | Cordiovaseular |y 455 Parancid 32 Aleohol ™ w 62 233 111 64 82 152 BDOP Y Accidental Blunt Force
Disease Schizophrenia Dependence Trauma
1394 M w 45 23 173 65 73 1625 N N Natural Cardiovascular | 454 Paranoid 33 None ™M w 59 324 241 6.1 76 1511 DoP Y Accidental Blunt Force
Disease Schizophrenia Trauma
Cardi i Alcohol Combined
1403" F w 45 225 123 6.5 8.2 160.9 o Y Natural " 1506 " 29 F w 47 48.7 141 6.6 75 142.8 porp Y Accidental Drug
Disease Disorder Dependence
Overdose
I ; Combined
1429 M B 2 36 239 68 75 156.1 o N Natural Cardiomyopat | ;547 Paranoid 40 None ™M w 65 208 174 65 78 134.2 BDOP Y Undetermined Drug
hy Schizophrenia Overtiose
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Alcohol

Pulmonary Schizoaffective Dependence; Cardiovascular
1444 M w 46 304 2 64 84 1537 N Natural by 1579 e 4“4 Pl 69 229 16.1 66 71 127.9 BOP Natural it
Hyonotic or
1482 M w % 356 202 65 91 1475 N Natural D 1629 e 2% None 53 2% 1456 6.4 8.1 1209 op Natural Sepsis
Paranoid Opioid Combined
1489 M w 2 187 169 63 83 146.7 o Natural Hypoglycemia | 1691 | BRI 29 Dependence 51 344 319 65 77 109 BLOP Accidental oD
c
1508 M w 50 204 238 68 78 1252 N Natural Dene 1706 isadhe a None 60 317 28.1 66 8.4 1055 op Undetermined Sepsis
Cardiovascular Undifferentiate Cannabi
1605 F w 2 268 239 68 8.2 1237 o Natural ardiovascular | 1734 d 2 annabis 54 228 286 6.1 71 1005 op Natural Pheumonia
Disease ] ' Dependence
Schizophrenia
Alcohol ] Blunt Force
1637 M w 4 329 166 69 82 11956 N Natural Do 1807 s 3 Dependence 36 343 141 7 86 895 pop Suicide T
“Alconol
1694 F w 67 253 85 67 89 1086 o Natural Myocarditis | 10020 Paranoid 20 Abuse; 38 198 288 65 74 188.2 cop Suicide Salicylate
Schizophrenia Other/Unknow Overdose
n Substance.
1719 ™M w 48 479 255 6.4 79 102.7 BO Natural Pulmonary 10023 | Disorganized 10 None 25 328 201 6.5 7.4 187.4 BDP Suicide Drowning
Embolism Schizophrenia
Paranoid Cardiovascular
1770 M w 52 30 283 68 82 %5 N Accidental | Asphysiation | 10024 | o (BRRCL 17 None 37 258 6 6.1 75 186.9 o Natural it
. ) Blunt Force Disorganized Cardiovascular
1783 F w 2 206 159 67 85 9.4 o Accidental i 10025 | g e 30 None 52 25 271 66 78 186.7 N Natural Do
card } Undifferentiate Thermal
1789 F w 53 342 137 68 85 924 N Natural ardlovascular 110026 d 2 None 46 208 238 66 76 1865 por Suicide ermal
Disease Injuries
Gpioid
1792 F w 36 2 281 6.4 75 %2 o Natural Pulmonary 3045 | Schizoaffective 2 Dependence; 29 232 83 63 79 74 coop Undetermined | Undetermined
Embolism Disorder Sedative or
Hvonotic or
‘Alcohol
’ Blunt Force Paranoid Abuse; ] Doxepin
10003 M w 49 202 212 65 84 196 N Accidental S 13097 | g oervenia 5 ot 2 205 23 66 71 68.7 DP Suicide Py
Dependence.
Cardi R paranoid Cocaine Combined
10019° F B 4 38.2 193 66 76 189.3 o Natural ar '?1’“3'“"3 13316 aranoid u Abuse; Opioid 24 308 25 63 7 40 coop Accidental Drug
y Schizophrenia
buse Overdose
Cardiovascular
13082 M w 4 393 214 64 74 73 o Natural D
13149 F w % 2 76 63 79 616 N Natural | Cardiovascular
Disease

Footnotes:
aReported value is the mean of prefrontal and cerebellar or occipital pH values

bStored at -80C

®Medications at time of death: B, benzodiazepines; C, anticonvulsants; D, antidepressants; L, lithium; N, no medications; O, other medication(s); P, antipsychaotic;

U, unknown
* In remission ATOD

" 840- Adjustment Disorder, Current; Alcohol Abuse, In Remission 20 years
71081- Alcohol Abuse, In Remission 20 years

~1196- Alcohol Intoxication, Current
A1403- Adjustment Disorder, In Remission 0.7 years
A1783- Premenstrual Dysphoric Disorder

A10019- Conduct Disorder, In Remission 24 years; Alcohol Abuse, In Remission 6 years; Cannabis and Cocaine Abuse, In Remission 8 years
Abbreviations:

yr, years; BMI, body mass index; PMI, postmortem interval (hours); RIN, RNA integrity number; mo, months; ATOD, at time of death; F, female; M, male; B,
black; W, white; Y, yes; N, no; U, unknown
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APPENDIX B SUPPLEMENTAL INFORMATION FOR CHAPTER 2.0

DISTINCT LAMINAR AND CELLULAR PATTERNS OF SOMATOSTATIN

TRANSCRIPT EXPRESSION IN MONKEY PREFRONTAL AND VISUAL CORTICES
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Appendix Table 3. Primer sets and FISH probe design used in Chapter 2.0.

Forward Primer (F)

Gene Species Accession # Reverse Primer (R) Efficiency
Beta Actin Macaca mulatta NM_001033084 (F1) gatgtggatcagcaagca 100%
(R1) agaaagggtgtaacgcaacta
Cyclophillin Macaca mulatta NM_001032809 (F2) geagacaaggtccaaag 100%
(R2) gaagtcaccaccctgacac
Glyceraldehyde-3-phosphate (F8) tgccccaccaactgcttage 0
dehydrogenase (GAPDH) Macaca mulatta XM_001105471.1 (R8) agtgatgycgtggactgtg 97%
Glutamic acid decarboxylase 1 (F2) aggaagcaccgccataaa 0
(GAD67) Macaca mulatta XM_001082995.2 (R2) cagcacacccatcatettgt 97%
Glutamic acid decarboxylase 2 (F4) cccaaagcggatgtcaacta 0
(GADS5) Macaca mulatta XM_001101800 (R1) atcttgcagaaacgccaaag 99%
SLC32A1 solute carrier family 32 (F3) aaggccgtgtecaagttc
(GABA vesciular transporter Macaca mulatta XM_001089139 R3 ggecgty g 97%
member 1, VGAT) (R3) tgcccgegatagacagta
SLC6AL1 solute carrier family 6 (F5) gatcggectetctaacatcac
member 1 (GABA member Macaca mulatta XM_001088606 gatcgg 98%
transporter 1, GAT1) (R5) aaagaacacgaggaacagcag
- - (F3) atgagctggatgccecttt 0
Calbindin 2 (calretinin, CR) Macaca mulatta XM_002802566 (R3) cqctetttctgtagttgtgag 98%
Vasoactive intestinal peptide (F1) gacaactatacccgccttagaaa 0
(VIP) Macaca mulatta NM_001260752.1 (R1) tcteceteactgetectct 98%
Calbindin 1 (CB) Macaca mulatta XM_ 0151456751 (1) gatgctgacggaagiogt 100%
(R1) gataactccaatccagccttct
Somatostatin (SST) Macaca mulatta NM_001194239 (F2) getgctetctgaacccaac 98%
(R2) ctctgcaactcaagcctcatt
. (F3) aagctccttctggacgaatg o
Cholecystokinin (CCK) Macaca mulatta XM_002802837.2 (R4) tgtagtcceggtcacttatect 97%
Cannabinoid 1 Receptor (CB1R) Macaca mulatta NM_001032825.1 (F3) tatgetetgectgcgaact 97%
(R3) gtcgcaggtccttactcctc
Parvalbumin (PV) Macaca mulatta XM 0010858751 (1) getattgactccticgac 101%
(R1) atgaatcccagctcatcc
GABAA Receptor al subunit (F2) caagtgtccttctggctcaa 0
(GABRA1) Macaca mulatta XM_001086287 (R2) gatgcttagegttgteatgg 98%
GABAA Receptor a2 subunit (F3) tctecccaaagtggcettatg 0
(GABRA?) Macaca mulatta XM_001100133.1 (R3) cccatectcttttggtgaag 97%
In situ Hybridization Probes
Gene Species Accession # Target Region Channel
Glutamic acid decarboxylase 1 Macaca mulatta XM_015110351.1 558 - 1716 Cl
(GADS67)
Parvalbumin (PV) Macaca mulatta XM_015150253.1 3-593 C2
Somatostatin (SST) Macaca mulatta NM_001194239.1 2-614 C3
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APPENDIX C.1 SUPPLEMENTAL TABLES

Appendix Table 4. Reagents used in Chapter 3.0.

Reagent Vendor Reference/Catalog Lot
Hs-SOX6 - C1 ACDbio 524791 20058B
Hs-SLC32A1 - C2 ACDbio 415681 - C2 20059C
Hs-SST - C3 ACDbio 310591 - C3 20059C
Hs-PVALB - C4 ACDbio 422181 - C4 20059C
RNAscope v2 kit ACDbio 323110 2007958
E’_\t‘ASCOPG Ancillary ACDbio 323120 2007469

i

H,0> ACDbio 322335 2008735
1X Plus Amplification Akoya Biosciences FP1498 191213005
Diluent

Opal 520 Akoya Biosciences OP001001 20194101
Opal 570 Akoya Biosciences OP-001003 20193901
TSA Cy5 Akoya Biosciences FP1171 2620021
Opal 780 Akoya Biosciences OP-001008 20194201
TSA DIG Akoya Biosciences OP-001007 20200102
Prolong Diamond ThermoFisher P36970 2168848A

Antifade Mountant

APPENDIX C.2 SUPPLEMENTAL METHODS

Appendix C.2.1 Fluorescent in situ Hybridization Tissue Labeling

For each subject, fresh-frozen coronal tissue blocks containing right DLPFC area 9 were
mounted in a cryostat. Areas where the cortex had been blocked perpendicular to the pial surface

were demarcated using a scalpel and cut at 20 um thickness onto SuperFrost slides
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(ThermoFisher), thaw-mounted, and stored at -80°C until tissue labeling. mMRNA probes were
designed by Advanced Cell Diagnostics, Inc (Hayward, CA, USA) to detect mRNAs encoding
somatostatin (SST gene), parvalbumin (PV; PVALB gene), SOX6, and the vesicular GABA
transporter (VGAT; SLC32A1 gene) (Appendix Table 4). VGAT was used as a GABA neuron
marker as it is expressed by all GABA neurons and levels of VGAT mRNA are unaltered or only
modestly lower in the DLPFC of people with schizophrenia (Fung et al., 2011; Hoftman et al.,
2015). SOX6 (SRY-box transcription factor 6) (Azim et al., 2009; Batista-Brito et al., 2009) was
used to distinguish SST and PV neurons from other GABA neurons. SOXG6 is selectively expressed
in SST and PV neurons due to their common embryonic origin in the medial ganglionic eminence
(MGE) and continues to be robustly expressed in the adult primate neocortex (Ma et al., 2013).
SOX6 was favored in this experiment over other markers of MGE-derived interneurons, such as
Nkx2.1, the expression of which is rapidly downregulated postnatally (Ma et al., 2013), or Lhx6,
the expression of which is lower in the DLPFC in people with schizophrenia (Volk et al., 2012;
Volk et al., 2014).

Based on the study design, we employed an assay that would allow for the simultaneous
fluorescent imaging of four mRNA targets together with a DAPI counterstain to label nuclei.
Fluorescent in situ hybridization assays (RNAscope®, ACDbio, Hayward, CA, USA) version 2
(v2) kits were used to achieve four-target labeling simultaneously. Here, we use Opal fluorophores
(Akoya Biosciences) in conjunction with the RNAscope v2 assay (Opal 520 — PV; Opal 570 —
SST; TSA Cy 5 - VGAT). We selected our fourth fluorophore to be compatible with our existing
light engine and filter sets without the need for spectral unmixing, employing the novel use of a

two-step near-infrared fluorophore (Opal 780; Akoya Biosciences) to label SOX®.
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Tissue sections were processed using the RNAscope® fluorescent multiplex assay v2 kits
according to the manufacturer’s protocol. Briefly, after removal from —80°C, tissue sections were
immediately immersed in ice-cold 4% paraformaldehyde and fixed for 15 minutes, dehydrated
through a series of ethanol washes (50%, 70%, 100%, and repeated 100% ethanol for 5 minutes
each), followed by H202 pretreatment to quench endogenous peroxidases and reduce off-target
labelling. Target probes were then hybridized to their target mMRNAs for 2 hours at 40°C. After a
series of amplification steps included in the assay (Amp 1-v2 for 30 minutes at 40°C, Amp 2-v2
for 30 minutes at 40°C, Amp 3-v2 for 15 minutes at 40°C), fluorophores were assigned to each
target MRNA in a stepwise manner. First, horseradish-peroxidase enzymes specific to a target
channel (HRP C1-C4) were applied to tissue sections for 15 minutes at 40°C. Following the
addition of HRP molecules, working solutions of Opal fluorophores diluted in 1x Plus
Amplification Diluent (Akoya Biosciences) were sequentially applied to tissue sections to
fluorescently target each mRNA in the following concentrations: Opal 520-1:600 (PV), Opal 570—
1:750 (SST), TSA Cy5-1:600 (VGAT), and TSA-DIG-1:600 (SOX6). After each fluorophore was
added, the HRP reaction was quenched using the provided HRP blocker in the V2 kit for 15
minutes at 40°C. This process was repeated for all four targets. Opal 780, an anti-DIG antibody
conjugated to the near infrared fluorophore, was diluted in PBS (1:200) and applied to the tissue
section for 15 minutes at 40°C after the last HRP block was completed, as this antibody is

exquisitely sensitive to the effects of active HRP molecules.

Appendix C.2.2 Microscopy

Images were collected on a custom wide-field epifluorescence Olympus 1X83 inverted
microscope (Center Valley, PA, USA) equipped with a 6-line (350-, 405-, 488-, 568-, 647-, 750-
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nm) Spectra Il light engine (Lumencor), a high-precision XY motorized stage (Prior Scientific)
with linear XYZ encoders, and a Hamamatsu ORCA-Flash 4.0 sCMOS camera. The microscope
and ancillary equipment were controlled using SlideBook 6.0 (Intelligent Imaging Innovations,
Inc., Denver, CO, USA) and images were captured using a 60x 1.42 N.A. SC oil immersion
objective (Olympus).

We focus here on layers 2 and 4 for imaging as these layers are known to be differentially
enriched for SST and PV neurons, respectively (DeFelipe, 1993; Morris et al., 2008; Hashimoto
et al., 2003; Dienel et al., 2021). Layer 2 was defined as 10-20% of the pia-white matter distance
and layer 4 was defined as 40-50% of the pia-white matter distance, as previously described (Fish
et al., 2018). Imaging sites were selected by taking a low magnification image (4x) of the tissue
using the DAPI counterstain. A sampling grid was placed over the tissue that included the entire
gray matter section, and grids sized 110 pm x 110 pum (1024 x 1024-pixel imaging site; pixel size
=(0.1075 um/pixel) were placed 30 um apart to avoid representation of the same cell in different
sampling sites. Imaging sites that were located within the laminar zones defined above were
selected for capture at 60x magnification.

Each imaging site was collected as a 3D image stack (2D images successively captured at
intervals separated by 0.25 pum in the z-dimension). Our initial pilot results suggested that ~14 z-
planes successfully captured the full range of in-focus mMRNA grain information. In total, six
channels were captured. Five channels were dedicated to imaging DAPI, PV, SST, VGAT, and
SOX6 (DAPI (ex 359nm, em 461nm), FITC (ex 495nm, em 519 nm), TRITC (ex 552 nm, em 578
nm), Cy5 (ex 649 nm, em 666 nm) Cy7 (ex 753nm, em 775 nm), respectively). The 6th channel
(custom 495 ex/666 em filter combination, as previously described (Fish et al., 2018; Rocco et al.,

2016a)) was used to image lipofuscin, an intracellular lysosomal protein that accumulates with age
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in human brain tissue (Benavides et al., 2002) and fluoresces across the visible spectrum. Exposure
times were established before the beginning of the experiment to avoid saturation of pixels for the
given mRNA fluorescent grain channels. These exposure times and laser power were kept constant
throughout the experiment (DAPI (100ms at 10% power), FITC (250 ms at 20% power), TRITC
(250 ms at 20% power), Cy5 (600 ms at 20% power), Cy7 (500 ms at 10% power), lipofuscin (500
ms at 10% power)). Slides were coded such that the single investigator (S.J.D) was blind to
diagnostic group. All subject pairs were imaged within the same 24-hour period, to minimize
technical variance within a pair. For each subject, 75 sampling sites were selected to be imaged in

each layer, resulting in an equivalent sampling size of 0.9075 mm2 per layer per subject.

Appendix C.2.3 Image Processing

Each fluorescent channel for grains was processed using a 3D Gaussian subtraction filter
in MATLAB by calculating a difference of Gaussians using sigma values of 0.7 and 2. Within
SlideBook, an average z-projection algorithm was used to generate a 2D representation of the 3D
image stack. To avoid inadvertently counting lipofuscin objects as grain objects, the signal in the
lipofuscin channel was subtracted from grain channels of interest using channel math within
SlideBook, with the exception of SOX6 (780) as the lipofuscin signal in the near-infrared channel
was weak or nonexistent. To automatically and accurately segment DAPI-labelled nuclei, DAPI
channel images were segmented on a pre-trained deep learning u-net in Python 3.8.5 using
tensorflow packages and a keras backend (https://github.com/VolkerH/unet-nuclei). The Python
script generated an RGB image which masked the DAPI nuclei, the borders of those nuclei, and
the background. Within CellProfiler 4.2.0, the masked DAPI images were imported, and primary
objects were designated as the pre-masked DAPI nuclei. To capture transcripts in the perinuclear
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cytoplasm, ‘cellular’ objects were created by expanding the perimeter of the DAPI-labeled nuclei
by 2 um until reaching the expanded perimeter of another DAPI-labeled nucleus. Grain channels
were masked and size gated, and relative levels of mMRNA per cell were quantified by the average
grain density per cell (grains/um?2). Granules of lipofuscin per cell were quantified in a similar

manner but were not size-gated.

Appendix C.2.4 Definition of Nuclei and Cells

To determine the density of grains not associated with a nucleus, grains were masked over
the entirety of the image. Background grain density was determined by subtracting the grains
overlapping with a DAPI-mask from the total grains over the entire image and dividing by the total
image minus that total area of all DAPI nuclei. The background grain density was calculated for
each subject within a given layer, providing a within-subject control for random fluctuations in
background grain density or intensity. Grain density measures per cell were corrected by
subtracting the background grain density quantified in the neuropil.

Assignment of nuclei that specifically expressed a given transcript was determined based
on the density of grains within the boundaries of a masked nucleus. VGAT and SOX6 signals
were highly localized to the nucleus, resulting in minimal background grain density (Figure 1).
We used a relatively high threshold for designating a nucleus as VGAT+ or SOX6+, setting the
threshold to 7X the background grain density for a given cell to minimize potential false positives,
based on previous in situ studies showing high sensitivity and specificity for nuclei with this
threshold (Morris et al., 2008). Because the likelihood of a false-positive identification for SST
mMRNA-positive and PV mRNA-positive cells was lower given the requirement of both VGAT and
SOX6 specific labeling, 4X background grain density was utilized for SST and PV mRNA-positive
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cells and quantified over the ‘cellular’ object, defined as the area including a 2 um perimeter
around each nucleus, to include cytoplasmic SST and PV mRNA signal. The requirement for
multiple mRNA markers co-expressed in the same nuclei minimizes the likelihood of false
positives and makes it more likely that a true difference in neuron density could be detected if one
existed. Using these criteria, relatively few nuclei (<1.0% of all nuclei across subjects) were
designated as dual PV and SST positive (Appendix Figure 1); these cells were excluded from the
final analysis.

Small nuclei, which might be either a glial nucleus or a fragment of a larger nucleus in a
different plane of the z-axis, with a cross-sectional area less than 40 um? were eliminated from the
analysis. We also excluded nuclei that were located at the border of the image or not fully within
the frame of view by excluding nuclei whose XY centers were located within 12 um of the edge.
This boundary was set based on the radius (center) of the largest cross-sectional area of a VGAT+

nucleus in the current study, found to be 469 pum?.

Appendix C.2.5 Statistical Analysis for Comorbid Factors in Schizophrenia

To assess the influence of certain comorbid factors in SST and PV levels per neuron in
schizophrenia, ANCOVAs were conducted using the same covariate factors as in the main
analyses, the addition of diagnosis as a covariate, and the comorbid factor in each instance as the
main effect. The comorbid factors Analyses were conducted separately in each layer. P-values
shown in the figure are corrected using the Benjamini-Hochberg procedure for multiple
comparisons across comorbid factors, controlling for a 5% false discovery rate (Kassambara, 2021;
Benjamini & Hochberg, 1995). Comorbid analyses were only conducted in instances where there
was a significant diagnosis effect observed in the main analysis.
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APPENDIX C.3 SUPPLEMENTAL FIGURES FOR CHAPTER 3.0
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Appendix Figure 1. Classification of each VGAT+/SOX6+ cell based on the expression of SST (x-axis) and PV
(y-axis) mRNA levels.

On the left are the values for the unaffected comparison (UC) individuals and on the right are the values for the
schizophrenia (SZ) individuals in layers 2 (top panels) and 4 (bottom panels). Color indicates the classification of each
VGAT+/SOX6+ cell as an SST+ or PV+ neuron, a VGAT+/SOX6+/SST+/PV+ (labeled dual positive here and were
ultimately excluded from the analysis), and VGAT+/SOX6+ neurons without either SST or PV signal. The number of
neurons classified into each group is shown at the top right of each panel across all unaffected (n = 29) and
schizophrenia (n = 29) individuals.
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Appendix Figure 2. Histograms for individual cell data across layers.

(A) SST levels per SST+ neuron in both layers 2 and 4 in unaffected comparison (UC) and schizophrenia (SZ). Counts
are the number of cells in each category, and colors indicate the diagnostic group. (B) PV levels per PV+ neuron in
both layers 2 and 4 in UC and SZ individuals.

193



A Diagnosis ® UC k74 B Diagnosis ® UC sz

1001 R 0.86, p<2:26-16 R=0.23,p=0.09
< [}
3 90 L4
3
S 759 po
(%]
£ N )
©
g €
5 £ - ®
= 3
o o o
2 50 5 °
8 2 L4 ° °
Eg_ g [ ] [
2 iy ° o
s 7
é 30
o 4
T 25
e
(2}
w
04 0
0.04 0.08 012 0.04 0.08 012
SST Expression Ratio by qPCR SST Expression Ratio by qPCR
C Diagnosis ® UC sz D Diagnosis ® UC sz
80
R=0.55, p=9.3e-06 R=-0.00036, p=1
° 4 80
[
NE [ ]
s °
S 60
E 60
5 o °® ®e
5 £ o °%
= £ %o 9
8 = SHONS °
g 3 °
2 @ o
G 404 = 3 O
g 240
g g L o °
@ T [}
° >
3 LS [ ]
2
T 204
E 20
>
o
0 0
0.02 0.03 0.04 0.05 0.06 0.07 0.02 0.03 0.04 0.05 0.06 0.07
PV Expression Ratio by gPCR PV Expression Ratio by qPCR

Appendix Figure 3. Correlation of SST and PV measures of grain density per neuron and the density of neurons
in the current study with the previous expression ratios obtained by gPCR.

(A) Correlation of SST mRNA per SST+ neuron, indexed by grain density per SST+ neuron averaged across layers 2
and 4 (y-axis) and the expression ratio of SST in the DLPFC total gray matter by gPCR. Each point is an individual
subject, and the colors indicate the diagnosis. (B) Correlation of the neuron density of SST+ neurons averaged between
layers 2 and 4 (y-axis) and the expression ratio of SST in the DLPFC total gray matter by gPCR (x-axis). (C)
Correlation of PV mRNA per PVV+ neuron in layer 4 (y-axis) and PV expression ratio in total gray matter (x-axis). (D)
Correlation of the neuron density of PV+ neurons averaged between layers 2 and 4 (y-axis) and the expression ratio
of SST in the total gray matter (x-axis). Pearson correlation coefficients in all panels are shown for the entire cohort.
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Appendix Figure 4. Levels of VGAT and SOX6 per VGAT+/SOX6+ neuron in layers 2 and 4 of the DLPFC in
unaffected comparison (UC) and schizophrenia (SZ).

(A) Boxplots of the median, quartile, and 95% range of unaffected comparison (UC) and schizophrenia (SZ) for VGAT
MRNA expression per VGAT+/SOX6+ neuron. Within the boxplots, values for effect size (es), the posthoc between-
group comparison p-value, and the Bayes’ Factor (BF10) in favor of the alternate hypothesis are shown. Bolded BF
value indicates strong evidence for the null hypothesis. (B) VGAT levels per VGAT+/SOX6+ neuron shown as
individual subject data as unity plots. In these plots, individual points represent a subject pair, and the x-axis shows
the value for the unaffected individual and y-axis shows the value for the individual with schizophrenia. Colors
indicate the layer for which the data are shown. Points below the line indicate a lower value in the individual with
schizophrenia relative to their matched unaffected comparison individual. (C) Boxplots of the median, quartile, and
95% range of UC and SZ for SOX6 mRNA expression per VGAT+/SOX6+ neuron. (D) Unity plot of the individual
subject data for levels of SOX6 per VGAT+/SOX6+ neuron. In all graphs, data are shown for 29 subject pairs in each
layer.
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Appendix Figure 5. Comparison of certain comorbid factors on SST levels per positive neuron in layer 2 (top
panel) and 4 (bottom panel) in individuals with schizophrenia.

P-values shown are corrected for multiple comparisons using false discovery rate of 0.05 across comorbid factors.
Values at the bottom indicate the number of schizophrenia subjects with or without a certain comorbid feature. Two
individuals with SZ had unknown tobacco use at time of death. Each point represents an individual SZ subject, and
boxplots show the median, quartile, and 95% range. AUD = alcohol use disorder, BZ = benzodiazepines, AEDs =
antiepileptic drugs, SA = schizoaffective, SUD = substance use disorder (including opioids, cocaine, and
sedatives/hallucinogens).
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Appendix Figure 6. Comparison of certain comorbid factors on PV levels per positive neuron in layer 4 in
individuals with schizophrenia.

P-values shown are corrected for multiple comparisons using false discovery rate of 0.05 across comorbid factors.
Values at the bottom indicate the number of schizophrenia subjects with or without a certain comorbid feature. Two
individuals with SZ had unknown tobacco use at time of death. Each point represents an individual SZ subject, and
boxplots show the median, quartile, and 95% range. AUD = alcohol use disorder, BZ = benzodiazepines, AEDs =
antiepileptic drugs, SA = schizoaffective, SUD = substance use disorder (including opioids, cocaine, and
sedatives/hallucinogens).
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APPENDIX D LAMINAR, CELL TYPE, AND DIAGNOSTIC SPECIFICITY OF
LOWER SOMATOSTATIN TRANSCRIPT LEVELS IN THE PREFRONTAL CORTEX

OF SCHIZOPHRENIA
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APPENDIX D.1 INTRODUCTION

Schizophrenia (SZ) is associated with pronounced deficits in somatostatin (SST) mMRNA
in the dorsolateral prefrontal cortex (DLPFC) (Fung et al., 2010; Volk et al., 2016; Morris et al.,
2008) as demonstrated in multiple postmortem studies using different quantitative methods
conducted by several research groups. We recently reported that the deficit in SST mRNA levels
in SZ is due to lower gene expression per neuron without a difference in the density of SST
neurons. These findings suggest that SZ is associated with a normal complement of functionally
altered SST neurons in the DLPFC.

However, no prior findings have addressed the question of which subtypes of SST neurons,
which differ in morphology, connectivity, and transcriptome (DeFelipe et al., 2013; Krienen et al.,
2020), are affected in SZ. The most striking differences among cortical SST neuron subtypes are
evident between those residing in layers 2-superficial 3 (superficial zone) and those located in deep
layer 6 and subcortical white matter (deep zone) (Bouras et al., 1987; Hodge et al., 2019). In the
primate neocortex, SST neurons in the superficial zone frequently co-express the calcium-binding
protein calbindin (CB) (Gonzalez-Albo et al., 2001; Zaitsev et al., 2009) and give rise to axons
that target the distal dendrites of pyramidal neurons in the supragranular layers (Melchitzky &
Lewis, 2008). In the deep zone, SST neurons frequently co-express other neuropeptides, including
neuropeptide Y (NPY) (Suarez-Solé et al., 2009; Aoki & Pickel, 1990), tachykinin 1 (TAC1,; also
known as substance P (Jones et al., 1988)), and cortistatin (CORT) (de Lecea et al., 1997; Jones et
al., 1988; DeFelipe et al., 1990). These neurons appear to have arole in sleep homeostasis (Kilduff
etal., 2011; de Lecea et al., 1996) and regulation of cerebral blood flow (Krawchuk et al., 2020);
the latter role is likely related to the high levels of nitric oxide synthase (NOS1) (Yan et al., 1996;

Smiley et al., 2000) within these neurons. Thus, the functional consequences of altered SST neuron
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function in SZ are certain to be influenced by the relative involvement of SST neurons in the
superficial versus deep zones. Finally, lower cortical SST mRNA levels have also been reported
in postmortem studies of other psychiatric diagnoses, raising the question of whether alterations
in certain subclasses of SST neurons are specific to the disease process(es) of SZ or a reflection in
a more general liability to or consequence of a psychiatric diagnosis and accompanying comorbid
features.

Consequently, in the present study, we asked a series of questions regarding the nature of
the alterations of SST neurons in schizophrenia. First, is the SZ-associated deficit in SST mRNA
levels evident in both superficial and deep laminar zones of the DLPFC? Second, are the disease-
associated patterns of alterations in SST mRNA also evident for other co-expressed transcripts?
Third, are the SZ-associated patterns of SST alterations also evident in bipolar (BP) and major
depressive (MD) disorders? Fourth, are alterations in SST neurons attributable to the influence of
certain comorbid factors that are frequently observed in individuals living with a psychiatric

disorder?
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APPENDIX D.2 METHODS

Appendix D.2.1 Human Brain Tissue Specimens

Brain specimens (n = 165) were obtained during routine autopsies conducted at the Office
of the Allegheny County of the Medical Examiner (Pittsburgh, PA, USA, n = 154) or the Davidson
County Medical Examiner’s Office (Nashville, TN, USA, n = 11) after consent was obtained from
the next-of-kin. An independent team of clinicians made consensus, lifetime DSM-IV diagnoses
for each subject using the results of an expanded psychological autopsy, including structured
interviews with family members and review of medical records, as well as toxicological and
neuropathology reports (Glausier et al., 2020b). Using the same procedures, unaffected
comparison individuals were identified based on the absence of any evidence of a history of
psychiatric or neurological disorders except for minor or in remission psychiatric diagnoses in six
subjects. The reported race and biological sex of the decedents (Appendix Table 5) were
corroborated by the final death certificate and next-of-kin interviews. All procedures were
approved by the University of Pittsburgh Committee for Oversight of Research and Clinical
Training Involving Decedents and Institutional Review Board for Biomedical Research.

Subjects for each diagnostic group were selected with the goal of matching groups as
closely as possible for age and biological sex. To optimize tissue quality, only subjects with brain
pH >6.1 and brain RNA integrity number (RIN) >7.0 were included. Subject groups did not differ
in the distribution of males and females or in mean age, body-mass index (BMI), postmortem
interval (PMI), brain pH, or brain RIN (Appendix Table 5). The distribution of race did

statistically significantly differ across diagnostic groups (x?(3) = 12.6, P = 0.005), with
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significantly more Black individuals in the SZ diagnostic group relative to the BP (unadjusted P =

0.009) and MD (unadjusted P = 0.02) diagnostic groups.
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Appendix Table 5. Demographics and tissue characteristics of human postmortem brain tissue specimens.

PCR Cohort RNAscope Cohort* Mood Disorders Cohort

Characteristic ucC SZ ucC SZ BP MD
n 43 41 29 29 39 42
Age, years, mean (SD) 47.6 (13.8) 46.4(12.2) 51.8 (14.4) 50.1(14.1) 46.2 (12.5) 45.6 (12.1)
Sex, n (%)

Female 18 (42%) 17 (41%) 8 (28%) 8 (28%) 16 (41%) 18 (43%)

Male 25 (58%) 24 (59%) 21 (72%) 21 (72%) 23 (59%) 24 (57%)
Race, n (%)

Black 5(12%) 12 (29%) 5 (17%) 7 (24%) 1(26%)  2(4.8%)

White 38 (88%) 29 (71%) 24 (83%) 22 (76%) 38 (97%) 40 (95%)
PMI, hours, mean (SD) 19.3(5.7)  19.6(7.3) 18.7(5.6)  18.3(7.7) 21.8(6.5) 19.4(5.8)
RIN, mean (SD) 8.1(0.6) 8.0 (0.6) 8.1 (0.6) 8.0 (0.7) 7.9 (0.5) 8.1(0.6)
brain pH, mean (SD) 6.7 (0.2) 6.5 (0.3) 6.7(0.23)  6.5(0.3) 6.6 (0.2) 6.5(0.2)
Tissue storage time at —80°C, months, mean 173.0 181.8 200.2 203.3 169.8 170.8
(SD) (55.3) (64.1) (45.4) (53.8) (60.7) (52.2)

*16 schizophrenia and 7 unaffected comparison subjects are represented in both the PCR and RNAscope cohorts. Abbreviations: PCR =
polymerase chain reaction, UC = unaffected comparison, BP = bipolar, MD = major depression, SZ = schizophrenia, PMI = postmortem

interval, RIN = RNA integrity number
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Appendix D.2.2 Laser Microdissection Strategy

Cryostat sections (12 pm) were cut from coronal blocks of the right prefrontal cortex that
contained Brodmann area 9. Sections were thaw-mounted onto glass polyethylene naphthalate
membrane slides that had been UV treated at 254 nm for 30 minutes, dried briefly, and stored at —
80°C. On the day of laser microdissection, slides were immersed in an ethanol-acetic acid fixation
solution and stained for thionin, as previously described (Dienel et al., 2021). Using a 5x
microscope objective, portions of the tissue section that were cut perpendicular to the pial surface
were identified. A cortical traverse, ~3000 um in distance extending from layer 1 to the white
matter boundary, was identified, and two boxes, ~400 um in thickness, were drawn. The superficial
zone was defined as the box that extended 400 um in depth from the layer 1-layer 2 boundary into
the most superficial aspect of layer 3. The deep zone was defined by a 400 um-thick box that was
placed such that ~100 um of the depth was placed above the layer 6-superficial white matter
boundary and ~300 pm extended into the superficial aspect of the white matter. The boxes in
superficial and deep zone were placed in the same portion of the tissue section. A total cross-
sectional tissue area of ~5x10% pm? per laminar zone for each subject was captured by laser
microdissection into tubes and the tissue lysed in RLT Plus Buffer (QIAGEN) with -
mercaptoethanol and frozen. RNA was extracted and purified using the RNeasy Plus Micro Kit
(QIAGEN). At the time of microdissection, investigators were blinded to subject diagnosis, and
the order of collection of subjects within a tetrad was randomized so the 24 (4 factorial)
possibilities were evenly distributed across the full cohort. Both laminar samples and all subjects

of a given tetrad were collected on the same day to reduce within-tetrad technical variance.
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Appendix D.2.3 gPCR Analysis

Laser microdissection was used to isolate the superficial and deep laminar zones
(Appendix Figure 7A), and quantitative PCR was used to quantify mRNA levels of SST, NPY,
TAC1, CORT, and CB. Levels of these transcripts were normalized to the mean of three
housekeeping genes. Although the housekeeping genes did not show significant differences by
diagnostic category, levels of these transcripts were different between the superficial and deep
laminar zone in all diagnostic groups studied. Thus, we computed separate models for the
superficial and deep zone without making comparisons between the two zones.

Total RNA was converted to complementary DNA using the gScript cDNA SuperMix
(Quanta Biosciences, Gaithersburg, MD, USA). To reduce technical variance, all samples from a
single tetrad (4 subjects x 2 laminar zones) were run on a 384-well quantitative PCR (QPCR) plate
in quadruplicate. Forward and reverse primers were designed for each transcript, and all primers
showed 90-100% efficiency and each amplified product resulted in a single and specific amplicon.
Levels of each transcript were assessed using Power SYBR Green fluorescence and the ViiA™7
Real Time PCR System to determine the cycle threshold (CT). The level of each transcript was
normalized to the geometric mean of the 3 housekeeping, or normalizer, genes (beta actin,
cyclophilin-A, and GAPDH). The level of each transcript was calculated by subtracting the mean
of the three normalizers from the CT values of the gene of interest (difference in CT, or dCT).
Because the dCT represents the log2-transformed expression ratio of each target transcript to the
mean of the normalizer genes, the relative expression levels of the target transcripts are reported
as the more intuitive expression ratio, or the 2-dCT.

Analyses were performed in R (R Core Team, 2018). To compare transcript levels across

subject groups, linear models were performed, including transcript level as the dependent variable,
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diagnosis as a fixed effect, and age, sex, PMI, brain pH, and RIN as covariates. Tissue storage time
at —80°C did not differ across diagnostic groups and has been previously demonstrated to not
influence the expression of many of the neuropeptides studied here; therefore, storage time was
not included as a covariate (Morris et al., 2009; Morris et al., 2008). F tests were computed from
linear models to assess the overall diagnosis effect within a laminar zone, and posthoc comparisons
across diagnostic groups within a laminar zone were made using estimated marginal means
(Lenth, 2022). Figures generation and analyses were conducted using the ‘lme4’ (Bates et al.,
2015), ‘ImerTest’ (Kuznetsova et al., 2017), ‘tidyverse’ (Wickham et al., 2017), and ‘rstatix’
(Kassambara, 2021) packages in R.

In certain comparisons, especially in instances where we sought to quantify the strength of
the evidence in favor of the statistical null hypothesis, Bayes’ factors (Keysers et al., 2020) were
computed using the BayesFactor package in R (Morey & Rouder, 2018). A Bayes’ Factor is a ratio
of the likelihood of one particular hypothesis relative to the likelihood of the other hypothesis and
provides a quantitative measure of evidence in favor of the alternative or null hypothesis. In the
model used to compute the BF value, the true standardized difference is assumed to be 0 under the
null hypothesis and follow the Cauchy distribution under the alternative. The prior is described by
a Cauchy distribution with a width parameter of 0.707, corresponding to a probability of 80% that
the effect size lies between -2 and 2. Here, we use the standard designation of BFio to denote
evidence in favor of the alternative hypothesis, or Hi. We use Jeffreys’ interpretation (Jeffreys,
1961) of BF of the evidence as follows: 1 to 3 = weak evidence; 3-10 = substantial evidence; 10-
100 = strong evidence; >100 = decisive evidence in favor of Hi. A BF value of 1 indicates no
evidence favoring either hypothesis, while BF values smaller than 1 suggest evidence in favor of

the null hypothesis, or Ho. BF10 between 1 and 0.33 = weak evidence in favor of Ho; 0.33 - 0.1 =
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substantial evidence; 0.1 — 0.01 = strong evidence, and BF1o < 0.01 = decisive evidence in favor
of Ho.

To provide an estimate of the disease effect (Kraemer, 2019), Cohen’s d effect sizes were
calculated in R (Torchiano, ; Cohen, 1988) for each subject group in a given comparison. Based
on (Coe, 2002), we designated any effect size > 0.60 as ‘large’ and note these values specifically
in the text.

The potential influence of certain comorbid variables, such as concurrent alcohol or
substance use disorder, death by suicide, or prescription drug use at time of death (grouped into
three categories: benzodiazepines or antiepileptic drugs (AEDs), antidepressants, and
antipsychotics) on each transcript of interest was assessed by conducting F tests using the
comorbid feature as the main effect and diagnosis, age, sex, PMI, pH, and RIN as covariates, and
the z-score of the transcript relative to the UC group as the dependent measure. Benjamini-
Hochberg procedure was used to correct for a false discovery rate of 5% for multiple comparisons
across comorbid factors.

In SZ and UC individuals, ANCOVA models were used to assess for the main effect of
diagnosis while accounting for covariates of age, sex, pH, PMI, and RIN. To provide an estimate
of the deficit in SST and other transcripts in SZ relative to the UC group while controlling for
significant covariates (i.e., age and brain pH), we provide a ‘w-score’ that indexes the deviation of
SST levels in SZ compared to what would be predicted from a linear model of the UC individuals.
First, a linear model using all the UC subjects in a given laminar zone was generated using the
influential covariates for SST in that zone (age and pH in superficial zone; pH in the deep zone).

This model was used to create a prediction for each SZ individual based on the covariate values
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for each SZ subject. We plot the w-score, which is an estimate of the deviation of the SZ subject
from the predicted value from the UC model, as described in 4.2.7.

Composite scores of the four neuropeptides, SST, NPY, TAC1, and CORT, were computed
by the average of the normalized (z-score) expression levels for each transcript. Z-scores were
computed based on the mean and standard deviation of the UC group, as previously described
(Chung et al., 2018).

When comparing measures between all four diagnostic groups, ANCOVA models in each
zone were used to assess the main effect of diagnosis across four groups while accounting for
covariates of age, sex, pH, PMI, and RIN (Appendix Table 5). Posthoc testing using estimated
marginal means derived from the overall model were used to assess pairwise differences between
diagnostic groups. All statistical analyses were conducted on log-transformed values of the
expression ratios, to stabilize the variance.

Cohen’s d effect sizes were calculated for each psychiatric diagnosis group relative to the
UC group, and positive notation for effect sizes indicate a deficit in the diagnostic group relative
to the UC group. Additionally, we computed a Bayes’ Factor to provide a quantitative estimate of
the strength of the evidence in favor of either the alternative or null statistical hypothesis. All BF
values are shown in the notation of evidence for the alternative, or BFio. We rely on Jeffrey’s
interpretation of BF values such that BF1o > 3 or < 0.33 indicates substantial evidence in favor of

the alternative or null hypothesis, respectively.
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APPENDIX D.3 RESULTS

In SZ, SST mRNA levels quantified by PCR were lower in laminar isolates of the
superficial zone (F1,77=9.1, P <0.01; d = 0.68; 95% CI, 0.23-1.13; Appendix Figure 7). To lend
further support for this finding, we quantified levels of SST mRNA in a separate cohort of SZ and
UC individuals previously studied where 16 of the SZ and 7 of the UC individuals overlapped with
the first cohort (Appendix Table 5). In this separate cohort, we quantified the laminar fluorescence
intensity of SST mRNA signal in the same laminar zones isolated by laser microdissection in the
first cohort. Consistent with findings from the first cohort, the fluorescence intensity of SST in the
superficial zone in this cohort was significantly lower (F151 = 16.5, P < 0.01; d = 0.90; 95% ClI,
0.35-1.45; Appendix Figure 7).

In the deep laminar zone, SST mMRNA levels were lower by PCR, with a similar effect size
as identified in the superficial zone (F177 = 6.1, P = 0.02; d = 0.60; 95% ClI, 0.16-1.04; Appendix
Figure 7). Additionally, SST mRNA fluorescence intensity levels were also lower in the deep
laminar zone in the partially overlapping cohort, with comparable effect sizes (F151 = 13.8, P <
0.01; Cohen’s d = 0.96; 95% CI, 0.41-1.51; Appendix Figure 7). Together, different methods
employed in partially overlapping cohorts of SZ and UC individuals support the finding that SZ is
associated with lower SST mRNA levels in both superficial and deep laminar zones. However, the
within-subject deficits in SZ individuals did not appear to be related between laminar zones. The
correlation of within-subject w-scores in the superficial and deep laminar zones was weak for SST
quantified by PCR (r = 0.049, p = 0.76) or by fluorescence intensity (r = 0.24, p = 0.22, after
removal of a single high leverage point).

Next, we compared the findings in SST to other transcripts that are frequently co-expressed

within SST neurons in those with schizophrenia. Levels of NPY were lower in both superficial
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(F177=4.3, P =0.05; d = 0.55; 95% CI, 0.10-0.99; Appendix Figure 8) and deep (F1,77=8.4, P
< 0.01; d = 0.69; Appendix Figure 8). Similarly, levels of TAC1 were lower in both superficial
(F177=19.1, P <0.001; d = 0.97; Appendix Figure 8) and deep (F177 = 4.8, P =0.03; d = 0.48;
Appendix Figure 8) laminar zones. Levels of CORT, NOS1, and CB did not differ in SZ.
Together, we find that SZ is associated with lower levels of SST, NPY, and TAC1 in both laminar

zones studied here.
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Appendix Figure 7. Laser microdissection strategy and SST levels in superficial and deep laminar zones in
schizophrenia.

(A) Hlustrative Nissl-labeled area 9 section demonstrating the cortical layers. Dashed-line box indicates the superficial
zone, comprising layer 2 and the superficial aspect of layer 3, and the deep zone, comprising the deepest 50% of layer
6 and the subcortical white matter. Scale bar = 200 um. (B) Alterations in schizophrenia (SZ) indexed by w-scores in
the superficial laminar zone using gPCR. Red dots indicate a negative w-score, blue dots indicate a positive w-score.
(C) Same as (B) but for the deep laminar zone. (E) and (F) Alterations in schizophrenia (SZ) indexed by w-scores in
the superficial (E) and deep (F) laminar zones using fluorescent in situ hybridization. In all plots, each dot represents
a single case number, shown on the x-axis by the human subject number.
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Appendix Figure 8. Alterations in NPY and TAC1 levels in superficial and deep zones in schizophrenia.
(A) NPY alterations in the superficial zone schizophrenia, shown by w-scores, where each represents a single subject

with schizophrenia. Dots in blue indicate a positive w-score, while dots in red indicate a negative w-score in
schizophrenia. (B) NPY w-scores in the deep laminar zone. (C) TAC1 w-scores in the superficial laminar zone. (D)
TACL1 w-scores in the deep laminar zone.

We next compared whether the alterations in SST were also evident in BP and MD
disorders in the same laminar pattern. We recomputed an overall ANCOVA model using all four
subject groups (UC, SZ, BP, and MD) for SST in a given laminar zone, and posthoc tests using
estimated marginal means were conducted to assess pairwise comparisons. SST in the superficial
laminar zone was significantly different between diagnostic groups (Fs,156 = 3.0, P =.03; Appendix
Figure 9A), with SZ (t-ratio = 2.8, P > 0.01) and MD (t-ratio = 2.0, P = .05) groups significantly
different from UC individuals. SST expression in the deep laminar zone did not significant differ
between groups (Fsis6 = 2.3, P = .08; Appendix Figure 9B), although SZ was significantly

different from the UC group (t-ratio = 2.5, P = .01). By comparing the pattern of SST alterations
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in SZ to BP and MD, it appears that only SZ is associated with lower levels of SST in both laminar

zones, while MD is associated with SST mRNA deficits only in the superficial laminar zone.
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Appendix Figure 9. Alterations in SST, NPY, and TACL1 in across diagnostic groups.

(A) Levels of SST in the superficial zone and (B) deep zones across diagnostic groups. Groups are shown on the x-
axis and expression ratios on the y-axis. Overall statistical tests are shown at the top, and groups not sharing a letter
are statistically significantly different from one another. (C) and (D) Same as A and B for NPY levels in the superficial
and deep zones, respectively. (E) and (F) Same as A and B for TACL levels in the superficial and deep laminar zones,
respectively.

To assess the diagnostic specificity of these alterations, we compared findings of NPY and
TACL in SZ within BP and MD individuals. NPY did not significantly differ across diagnosis
groups in the superficial laminar zone (Fs1s6 = 1.3, P = 0.26; Appendix Figure 9C). However,

levels of NPY were different between groups in the deep laminar zone (Fs1s6 = 5.7, P = 0.001;
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Appendix Figure 9D) but the only SZ was significantly different from UC (t-ratio = 3.1, P =
0.003). TAC1 was significantly different between groups in the superficial laminar zone (Fs3,156 =
6.4, P <0.01; Appendix Figure 9E), with both SZ (t-ratio = 4.3, P < 0.01) and MD (t-ratio = 2.7,
P = 0.007) individuals exhibited lower levels of TACL1 relative to the UC group. There was no
significant difference in TAC1 in the deep laminar zone (Fs1s6 = 1.5, P = 0.23; Appendix Figure
9F) and the only diagnostic group difference was between SZ and UC individuals, as noted
previously (t-ratio = 1.9, P = 0.05). There was substantial evidence in favor of no difference in
expression in SST, TAC1, and NPY in the deep laminar zone in both BP and MD groups.

To assess the overall effect of diagnosis on neuropeptide expression in these two laminar
zones, we computed composite scores combining the z-normalized expression ratio for SST, NPY,
TACL1 across diagnostic groups relative to the mean and standard deviation of the UC group
(Appendix Figure 10). Consistent with the impression from individual transcripts, SZ was
associated with lower levels of these neuropeptides in both laminar zones, while MD was
associated with lower levels of these neuropeptides only in the superficial laminar zone. There was
substantial support for the null hypothesis in the deep laminar zones for both BP and MD.

Finally, in cases where there were significant group differences, we assessed the influence
of antemortem comorbid factors present at time of death. Specifically, we assessed the influence
of acomorbid alcohol or substance use disorder, antidepressant, antipsychotic, and benzodiazepine
or antiepileptic drug use at time of death, death by suicide, or tobacco use at time of death. In the
superficial zone, SST levels were lower in SZ and MD. Combining these subject groups, we found
that SST mRNA levels were significantly lower in individuals with SZ or MD who were on
antidepressants at time of death (F1,76 = 5.8, fdr corrected P = 0.05) and in those with a comorbid

substance use disorder (F1,76 = 5.9, fdr corrected P = 0.05). In contrast, NPY levels in SZ or TAC1
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levels in SZ and MD groups did not differ by any of these comorbid factors. Similarly, SST, NPY,

and TACL levels in the deep laminar zone did not differ in individuals with SZ by any of these

comorbid factors.
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Appendix Figure 10. Composite neuropeptide scores in the superficial and deep laminar zones across diagnoses.

On the top row, data are shown for the superficial laminar zone. On the bottom row, data are shown for the deep
laminar zone. Data are shown for schizophrenia (SZ), bipolar (BP), and major depressive (MD) disorders. Data are
shown as density plots. Gray density distribution is shown for unaffected comparison (UC) individuals. Cohen’s d

values are show with 95% confidence intervals of the effect size.
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