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1. Introduction 

1.1. Schizophrenia 

Schizophrenia (SCH) is a complex neuropsychiatric disorder that continues to challenge 

both clinicians and researchers. Although its prevalence is relatively low (estimated ~ 0.5 

– 1% globally), it profoundly impacts the affected patients, their families, and society [1, 

2]. It is highly heritable (60–80% [3]); however, understanding its genetic background 

proved challenging. Hundreds of risk loci have been identified, many of which only 

contribute with small effect sizes [4], and many are also implicated in other psychiatric 

and neurodevelopmental disorders [5], further complicating the genetic landscape. SCH 

manifests through a wide range of symptoms affecting perception, emotion, and 

cognition, traditionally classified into three symptom domains [6]. “Positive” symptoms 

include hallucinations and delusions, and can be accompanied by abnormal psychomotor 

behaviours, such as rigid movements and disorganized behaviour. “Negative” symptoms 

involve social withdrawal, avolition (decreased or lacking interest in goal-directed 

behaviour), alogia (poverty of speech), and anhedonia (inability to enjoy normally 

enjoyable activities). The third symptom domain is characterized by cognitive deficits, 

primarily affecting memory, attention, executive functioning, and processing speed [5, 7, 

8]. Although positive symptoms are what usually bring patients to medical attention, 

cognitive symptoms are recognized as central features of SCH [9, 10] and even the best 

predictors of long-term disease outcome [11].  

Today, SCH is thought to be caused by complex interactions of various genetic and 

environmental factors (such as in utero adverse effects [4]), which disturb 

neurodevelopment and ultimately give rise to abnormal brain connectivity, thereby 

increasing the risk of developing the disorder [12]. Symptoms generally emerge in late 

adolescence and early adulthood, coinciding with a critical period of brain maturation 

[13] involving neuronal and circuit maturation, myelination, synapse elimination, and the 

maturation of neurotransmitter systems [14, 15]. Currently, SCH lacks objective 

biomarkers, has no cure, does not have a fully representative animal model, and its 

etiology remains elusive [16, 17, 18]. It is important to emphasize that there is no evidence 

of SCH being one single well-defined disease; instead, it is considered a group or 

spectrum of conditions [19, 20]. The fact that SCH remains so enigmatic despite extensive 
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clinical and laboratory research suggests that our current understanding is limited by 

fragmented approaches and most likely requires a rethinking of how we conceptualize 

and study this condition. 

1.1.1. Theories of schizophrenia etiology 

SCH symptomatology is thought to be associated with disrupted frontal cortical activity, 

dopamine dysfunction, and excitatory–inhibitory (E/I) imbalance [21–25]. In the 1950s, 

clinicians observed that high doses of the tranquilizer Largactil (chlorpromazine) reduced 

psychotic symptoms in patients [26] by blocking dopamine D2 receptors (D2R) [27–29]. 

These discoveries led to the “dopamine receptor hypothesis” of SCH, which linked 

positive symptoms to excess dopaminergic neurotransmission [30, 31]. This was further 

refined after discovering low dopamine levels in the neocortex in SCH [32], where 

dopaminergic neurotransmission is primarily mediated by D1-type dopamine receptors 

(D1R) [33]. Based on pioneering experiments exploring connectivity in rodents [34, 35], 

it was proposed that the observed excess striatal dopaminergic activity may be a direct 

consequence of cortical dysfunction [36–39]. Meyer-Lindenberg and colleagues [40] 

tested this hypothesis in patients with SCH using positron emission tomography (PET) to 

measure regional cerebral blood flow and striatal dopaminergic activity during the 

Wisconsin Card Sorting Test, an abstract reasoning–working memory task commonly 

used to investigate cortical function [41]. Their findings confirmed a strong inverse 

correlation between prefrontal cortex (PFC) activity and striatal dopaminergic function, 

with PET scans pinpointing the locus of cortical hypoactivation in the dorsolateral PFC. 

The current version of the dopamine hypothesis [42] proposes dopamine imbalance 

(subcortical hyperactivity with cortical hypoactivity [43]), and acknowledges that the 

etiology of SCH is more complicated than previously thought, with disturbances in almost 

all major systems across the brain [44–47]. In addition, a line of post-mortem [48] and 

patient-derived induced pluripotent stem cell studies [49] have linked abnormal microglia 

activation and excess synaptic pruning to compromised synaptic plasticity, 

neuroinflammation, and early cognitive impairment in SCH [50, 51]. In fact, aberrant 

synaptic pruning during critical developmental periods has been proposed as the root 

cause of cortical E/I imbalance and disrupted connectivity in SCH [52]. 
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E/I dysfunction has also been extensively studied in SCH (for review, see [53] and 

Chapter 1.4.1). Many elements crucial for the production, transport, and metabolism of 

the major inhibitory neurotransmitter gamma-aminobutyric acid (GABA) have been 

repeatedly found disrupted in SCH [54–56]. This led to the "GABA theory" of SCH, 

which proposes disrupted GABAergic function and, thus, compromised cortical 

inhibition as a key mechanism underlying SCH symptoms [57]. However, this theory is 

less well-established and may not be specific to SCH alone, as similar patterns have been 

observed in other neuropsychiatric conditions, such as major depression and autism 

spectrum disorder [44]. In addition, glutamatergic dysfunction has also been noted in 

SCH, particularly involving hypofunctionality of N-methyl-D-aspartate (NMDA) 

glutamate receptors [58]. Because E/I activity is widely modulated by dopamine and other 

monoaminergic neurotransmitters, it is unclear and challenging to prove whether E/I 

imbalance may be directly caused by neurodevelopmental disturbances associated with 

SCH, disrupting the development and connectivity of excitatory and inhibitory circuits 

[59, 60], or indirectly by the imbalance of other, interconnected signalling pathways [61].  

Although excess striatal dopaminergic neurotransmission has long been recognized as a 

central feature of SCH symptomatology and directly linked to cortical dysfunction, the 

striatum remains underrepresented in histological and transcriptomic investigations of 

SCH [53]. It is important to emphasize that executive functioning, voluntary action 

control, emotional control, and working memory cannot be comprehensively interpreted 

without the context of fronto–striatal circuitry. 

1.2. Fronto-striatal circuitry 

Cognition and behaviour are mediated by functionally segregated, dynamically 

interacting cortico–basal ganglio–cortical circuits collectively called “fronto–striatal 

networks” [Figure 1/A; 62]. These pathways encompass distinct limbic, motor, and 

cognitive/associative networks, which have been extensively mapped in non-human 

primates in a series of pioneering experiments [63–65] and validated in humans through 

functional magnetic resonance imaging (fMRI) studies [66, 67]. The supplementary 

motor areas, the putamen (PUT), and the substantia nigra (SN) are highly involved in 

motor function; the dorsolateral prefrontal cortex (DLPFC) and the caudate nucleus (CN) 

account for cognitive/associative information flow, while the ventromedial prefrontal 

cortical areas, the ventral striatum, and the ventral tegmental area (VTA) account for 
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limbic information flow [68, 69]. These functional subregions do not have clear 

anatomical borders but manifest as gradients – mirrored by the distribution, density, and 

gene expression profile of the neurons creating it [70, 71]. Therefore, the basal ganglia 

(BG), comprising the CN, PUT, globus pallidus (GP), and – from a functional aspect – 

the subthalamic nucleus (STN) and SN, participate in crucial functions such as motor 

control, learning, and value-based decision making [72–75]. Although comparative 

neuroanatomical studies found the structure and neurochemical organization of the basal 

ganglia highly conserved across vertebrates [76], striking differences have been 

elucidated recently regarding its cellular composition and cell type-specific properties, 

suggesting it may also nurture unexpected hubs for evolutional innovation [71, 77].  

Within the basal ganglia circuitry, glutamatergic cortical input is received by the striatum, 

which consists of the CN and the PUT. From the striatum, GABAergic output is 

transmitted through two parallel, functionally complementary pathways: the direct and 

indirect pathways [78]. The direct pathway promotes movement by inhibiting the 

substantia nigra pars reticulata (SNpr) and globus pallidus internus (GPi). This leads to 

the disinhibition of thalamo–cortical projections, ultimately promoting motor activity 

(Figure 1/B). In contrast, the indirect pathway inhibits the globus pallidus externus (GPe), 

thus allowing the STN to excite the GPi and SNpr, which consequently inhibit thalamo-

cortical projections and thereby inhibit motor activity [79] (Figure 1/C). The delicate 

balance between these pathways allows for precise initiation and suppression of actions. 

The significance of the fronto–striatal pathways is underscored by the profound impact 

their disruption can have on normal motor and cognitive functioning. For example, in 

Parkinson’s disease, the progressive loss of dopaminergic neurons in the substantia nigra 

pars compacta (SNpc) leads to reduced dopaminergic input to the striatum, disrupting the 

activity of both the direct and indirect pathways, resulting in the characteristic motor 

symptoms [80]. Imbalance of dopamine neurotransmission has also been associated with 

schizophrenia, autism spectrum disorder, attention deficit hyperactivity disorders, and 

drug abuse [81–85, respectively]. 
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Figure 1. Schematic representation of fronto–striatal circuitry. A) Schematic 

representation of the connectivity within the basal ganglia circuitry. Blue: motor 

domains; green: associative domains; orange: limbic domains. B) Schematic 

representation of the direct pathway. C) Schematic representation of the indirect 

pathway. Blue arrows represent dopaminergic modulation. Green arrows represent 

excitatory drive. Red arrows represent inhibitory drive. Dashed arrows represent 

suppressed pathways. Abbreviations: Cau – caudate nucleus; Put – putamen; SNpc – 

substantia nigra pars compacta; SNpi – substantia nigra pars reticulata; GPe – globus 

pallidus externa; GPi – globus pallidus interna; STN – subthalamic nucleus; Thal – 

thalamus. Created with Biorender based on [69] and [79]. 

Basal ganglia function is strongly regulated by dopamine, a critical neurotransmitter 

involved in motor control, motivation, reward, and learning [79]. Dopamine primarily 

originates from two sources: the VTA and the SNpc. The VTA gives rise to the 

mesocortical and mesolimbic pathways, which are involved in executive functioning and 

reward-related behaviour, respectively [86, 87]. Meanwhile, the dopaminergic neurons of 

the SNpc project to the striatum via the nigrostriatal pathway, where dopamine acts on 

direct and indirect striatal projection neurons to ensure appropriate execution of motor 

and cognitive functions [88] (Figure 1/B–C). In addition to dopamine, other 

neurotransmitters such as acetylcholine and enkephalin also significantly influence 

striatal activity, contributing to the complex regulation of BG functions [79]. For 

example, cortico–striatal projection neurons also innervate striatal cholinergic 
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interneurons, which in turn modulate dopamine neurons via nicotinic receptors, thereby 

exerting cortically regulated control on striatal dopamine release [89].  

Although beyond the scope of this dissertation, it is important to note that neuroimaging-

based research has been providing valuable insights into schizophrenia [90, 91], revealing 

intriguing structural dysconnectivity in the condition [92] and indicating that SCH may 

be deeply associated with abnormal dynamic functional connectivity [93]. Yoon and 

colleagues demonstrated abnormal functional PFC–BG connectivity in SCH with an 

event-related fMRI experiment and found that nigrostriatal connectivity predicts the 

severity of psychosis symptoms [94]. The authors proposed that the disrupted PFC–BG 

connectivity disinhibits the substantia nigra, causing excessive dopaminergic activity in 

the striatum. These results underscore the involvement of fronto–striatal pathways in SCH 

and highlight the importance of understanding these circuits and the cell types creating 

them in relation to the disorder’s symptomatology. 

1.3. Striatum: topology, structure, and function 

As the primary input structure of the fronto–striatal circuitry, the striatum receives, 

selects, and relays information from cortical areas, and is, therefore, crucial for motor 

control and cognitive function. Within the striatum, incoming cortical information is 

processed and relayed by GABAergic medium spiny projection neurons (MSNs), which 

account for ~90% of striatal neurons in humans (~ 95% in rodents) [95, 96, 77] and form 

the direct and indirect pathways. Direct (dMSNs) express D1R and substance P, while 

indirect MSNs (iMSNs) can be distinguished based on the expression D2R and 

enkephalin [97]. However, a subset of MSNs co-express both receptors [98], and recent 

transcriptomic studies in both mice [99] and primates [100] revealed further heterogeneity 

within the MSN population. Striatal GABAergic local inhibitory neurons (~5% in the 

rodent, ~10-15% in the nonhuman primate and human striatum; [95, 101–104]) are 

essential modulators of striatal activity and output. They consist of the rare but widely 

arborizing large cholinergic neurons marked by the expression of choline 

acetyltransferase (CHAT, encoded by CHAT) and a diverse population of local 

interneurons traditionally identified based on the expression of parvalbumin (PV, 

encoded by PVALB), calretinin (CR, encoded by CALB2), calbindin (CB, encoded by 

CALB1), somatostatin (SST, encoded by SST), neuropeptide Y (NPY, encoded by NPY), 
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nitric oxide synthase 1 (NOS1, encoded by NOS1), tyrosine hydroxylase (TH, encoded 

by TH), or NADPH-diaphorase [71, 77, 105, 106]. Recently, transcriptomic studies began 

to describe comprehensive striatal cell type composition in rodents, nonhuman primates, 

and humans [71, 77, 107], revealing intriguing interspecific differences – a topic of 

pivotal importance for drug development and translational medicine. In mice, seven 

interneuron subtypes were described based on mRNA expression patterns: Sst–Npy, Npy–

Mia (MIA SH3 domain-containing), Cck–Vip (vasoactive intestinal peptide), Cck, Chat, 

Th, and parathyroid hormone like-hormone (Pthlh), the latter group including Pvalb-

expressing neurons [105]. In the human striatum, however, Garma and colleagues 

established eight interneuron types: SST–GRIK3 (glutamate ionotropic receptor kainate 

type subunit 3); SST–NPY; CCK–VIP; CCK without VIP; PVALB; PTHLH; CHAT; and 

TAC3, a population which includes the majority of CALB2-expressing neurons. In this 

study, the interneurons accounted for 10.67% of the total neuronal cells, confirming 

previous histological estimates [101–104].  

To our knowledge, the most abundant human striatal interneurons belong to the TAC3 

and the PTHLH-expressing types [71]. The PTHLH subtype was only recently described 

(rodent: [105]; human: [71]) and thus requires further research, as does the elusive CCK 

population [71]. Striatal CR-expressing interneurons have been described early in rodents 

[108], nonhuman primates [95], and humans as well [109, 110]; however, their functional, 

electrophysiological, and molecular properties are still poorly understood [106]. 

Morphologically, we can distinguish small (approx. 6–15 μm), medium (approx. 15–25 

μm), and large (approx. 25–60 μm) CR subtypes in the human striatum [101, 111, 112], 

the latter largely overlapping with large cholinergic neurons [109, 113]. There is some 

confusion regarding the extent of this overlap: Cichetti and colleagues report that about 

50% of CHAT-positive neurons also express CR, while Holt and colleagues report that 

“virtually all of the large, multipolar calretinin-positive cells of the human striatum are 

also immunoreactive for CHAT”. The molecular and functional traits of small and 

medium CR neurons are largely unknown. In primates, secretagogin has been reported to 

mark a rostrally biased subtype of CR interneurons, and although the presence of this 

subtype in humans has not been confirmed yet [103], it does corroborate the spatial 

heterogeneity of the cellular and molecular landscape of the striatum (described 

comprehensively in mice in [70]).  
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Notably, transcriptomics revealed that CALB2 is expressed by the CCK–VIP, the CHAT, 

the MOXD1-expressing PTHLH, and the TAC3 cell types [71], suggesting that what 

previous histological studies refer to as “CR interneurons” belong to these 

transcriptomically diverse cell types. This could potentially explain their heterogenous 

morphology; however, it is currently unknown whether small and medium CR neurons 

strictly correspond to certain transcriptomic cell types.  

The TAC3 population has been recently described by Krienen and colleagues as a 

primate-specific, evolutionarily “novel” striatal interneuron subtype in marmosets and 

humans [77]. Further exploring this topic, they identified the Tac2-expressing 

homologues of this cell type in the mouse striatum [107], confirming previous 

observations [71]. While these neurons are rare in mice, the TAC3 population makes up 

30% of striatal interneurons in primates, which is a significant expansion [107]. Together, 

these data suggest that non-cholinergic CR interneurons may have been “upgraded” 

during primate brain evolution to provide more refined control necessary for more 

complex behaviours, and therefore represent an evolutionally “interesting” cell type with 

potential relevance to human behaviour and striatum–related disorders as well. These data 

further underline the importance of comparative studies, and of characterizing the 

neurochemical, developmental, and functional properties of human interneurons. 

The origin and development of striatal interneurons has been thoroughly characterized in 

mice [114], but not in humans – largely due to the limited technologies available to study 

human brain development and the scarcity of high-quality developmental human brain 

tissue. In rodents, most striatal interneurons are known to migrate tangentially from the 

medial ganglionic eminence (MGE) or the preoptic/entopeduncular areas, marked by the 

expression of the transcription factor NK2 homeobox 1 (NKX2.1) [114]. Recent 

transcriptomic studies involving adult human striatal samples revealed that most human 

striatal interneuron types also express MGE-associated transcription factor profiles (such 

as NKX2.1, and LIM homeobox 6 (LHX6); [71]), except for CCK neurons, which 

selectively express adenosine deaminase RNA specific B2 (ADARB2; [71]); see Figure 2 

based on [77]. ADARB2 expression has been previously associated with caudal ganglionic 

eminence (CGE)-origin in both rodent and human cortical interneurons [115]. 

Interestingly, Garma and colleagues [71] found that several types of human striatal 

interneurons also express serotonin receptor 3A (HTR3A), a marker of CGE-origin in the 
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rodent cortex [115] – which might suggest shared developmental origins of these 

subtypes.  

 

Figure 2. Plots depicting the expression of developmentally informative genes in the 

interneuron populations of striatum and neocortex of mice, nonhuman primates, and humans 

based on the data published by Krienen and colleagues [77]. Pictograms indicate the species 

the data originated from (striatum: mouse, marmoset – new world monkey, human; cortex: 

mouse, marmoset – new world monkey, macaque – old world monkey, human). Cell type marker 

genes: cholecystokinin (CCK), choline acetyltransferase (CHAT), somatostatin (SST), tyrosine 

hydroxylase (TH), parvalbumin (PVALB), tachykinin 3 (TAC3), inhibitor of DNA binding 2 

(ID2), vasoactive intestinal peptide (VIP). ADARB2 expression represents caudal ganglionic 

eminence-origin (CGE; expressed by ID2 and VIP/CR subtypes in neocortex), while LHX6 

indicates medial ganglionic eminence-origin (MGE; expressed by PVALB and SST cell types in 

the neocortex). In the striatum, only CCK neurons express ADARB2, while every other 

interneuron subtype expresses LHX6. This pattern seems conserved across species. In contrast, 

serotonin receptor 3A (HTR3A), also an indicator of CGE origin in rodents, is expressed quite 

differently across species in both brain regions. Images generated with the open, interactive 

browser established by Krienen and colleagues, available at http://interneuron.mccarrolllab.org/ 

[77]. 

http://interneuron.mccarrolllab.org/
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However, this does not provide direct evidence because cortical and striatal interneurons 

have been shown to differ in their developmentally relevant transcription factor 

expression patterns [116]. These results also suggest substantial interspecies differences: 

while HTR3A is highly expressed in mice cortical CGE-derived interneurons, it seems 

almost absent from that population in humans (see Figure 2 based on [77]). Together, 

these data highlight that there is still much to explore and understand about the origin, 

development, and function of human striatal interneurons. 

1.3.1. The striatum in schizophrenia 

Although the associative striatum has been pinpointed as a hub of dopaminergic 

hyperactivity in SCH [117] and is therefore a prominent region of interest in SCH 

research [118], literature regarding its cellular and molecular patterns in SCH remains 

scarce. One workgroup reported reduced density of large cholinergic neurons in SCH 

[113, 119]. Several types of structural changes (such as ventricular enlargement, basal 

ganglia enlargement, and total grey matter loss [120, 121] have been detected in patients 

with SCH, however, results are rather mixed [122, 123]. No comprehensive in situ 

hybridization or single cell transcriptomics study has been conducted yet on the striatum 

in SCH. However, applying bulk RNA-seq revealed the selective downregulation of the 

short isoform of dopamine receptor D2 mRNA (DRD2) in SCH, and highlighted 

important gene expression changes associated with long-term antipsychotic medication 

[124]. 

Notably, a recent study reported the generation of patient-derived ventral forebrain 

organoids to recapitulate potential developmental disturbances [60]. “Striatal” 

GABAergic neurons (including immature medium spiny neurons and CALB2-expressing 

neurons) in these SCH organoids demonstrated accelerated maturation compared to 

control-derived organoids, indicating early developmental dysfunction affecting striatal 

neurons. Timing is a crucial aspect of neuronal maturation; its disturbance could 

contribute to E/I imbalance in the mature neuronal network.  

1.4. Dorsolateral prefrontal cortex: topology, structure, and function 

The neocortex is a 2–4.5 mm thick sheet of tissue enveloping the majority of the 

hemispheres of the human brain. The prefrontal cortex and its circuitry are strongly 

associated with cognitive control, perception, and executive function [125], making it a 
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primary interest in psychiatry. The dorsolateral prefrontal cortex can be localized to the 

middle frontal gyrus, occupying the lateral part of the Brodmann areas 9, 10, and 46 [126, 

127], although it is an area defined functionally, rather than anatomically. The DLPFC 

plays a crucial role in cognitive control and flexibility, working memory, planning, and 

goal-directed behaviour [128, 129]. Because it is particularly enlarged in non-human 

primates and humans, it has been proposed to contribute to the enhanced cognitive 

abilities characteristic of these species [130].  

The grey matter of the DLPFC consists of 6 cortical layers (L1–L6), which are vertically 

organized into functional units referred to as ‘minicolumns’ [131, 132]. The layers are 

populated with diverse, specialized subtypes of neuronal and non-neuronal cells. Cell 

types can be classified based on many characteristics, such as morphology, 

electrophysiological properties, postsynaptic target, expression of specific proteins, and 

gene expression profile. Pyramidal projection neurons (PNs) release the excitatory 

neurotransmitter glutamate, and can be broadly classified as cortico-cortical or cortico-

fugal based on whether their axonal projections target other cortical areas or subcortical 

structures, respectively [133]. Cortico-cortical PNs encompass diverse subgroups of 

neurons across L2–L6, while cortico-fugal PNs are more confined to lower layers [largely 

based on rodent data; 133]. In contrast, local inhibitory interneurons (INs) release GABA 

and project locally, with the primary aim of regulating the excitability of PNs and other 

INs [134, 135]. The non-neuronal compartment contains diverse astroglial populations, 

oligodendrocytes and oligodendrocyte precursor cells, microglia, and vascular elements 

(such as endothelial cells, smooth muscle cells, and pericytes). Oligodendrocytes produce 

myelin and create myelin sheets around neuronal axons, thereby insulating them and 

enabling efficient electrical signalling [136]. Astroglia are essential for maintaining the 

blood brain barrier, keeping homeostasis, recycling glutamate, and providing metabolic 

and structural support for neurons; however, they also participate in signalling [136]. 

Microglia are specialized immune cells residing in the brain, accounting for 

housekeeping, early synaptic pruning [137], immune reactions, and protecting against 

pathogens [138]. Vascular elements form the blood-brain barrier and have a crucial role 

in maintaining a healthy blood-CNS interface [139]. Although my dissertation is 

primarily focused on the neuronal elements, it is important to keep in mind that these 

 
 Exceptions exist, for example the SST-NPY long-range projecting interneurons [135]. 
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compartments function together, and investigating one without the others will always give 

incomplete results.  

Cortical PNs are characterized by an apical dendrite that usually extends upwards to the 

pial surface and arborizes extensively in cortical layer 1. These cells distinguish and 

integrate inputs in real-time, establishing dynamic cortical activity and adaptability [140]. 

Recent work applying single cell RNA sequencing to uncover the detailed composition 

of the human neocortex identified many intermingled PN subtypes based on gene 

expression profiles [142]. For example, micro-dissecting and sequencing each layer of 

the middle temporal gyrus, Hodge and colleagues found 24 excitatory neuron types [143]. 

These results highlight that there is still much to discover about the human neocortex, let 

alone other, less well-known brain regions.  

INs comprise 20-25% of the total neocortical neuronal population in both monkey and 

humans [144, 145], a ratio generally supported by transcriptomics studies as well [142, 

143]. Their striking diversity – only recently beginning to be elucidated– suggests that 

human synaptic inhibition is highly specialized, presumably to optimize the efficacy and 

efficiency of computation in cortical circuits [146]. Importantly, much of what we know 

about the function and electrophysiology of interneurons is still based on rodent and non-

human primate experiments [146]; for review, see [147]. Cortical interneurons are 

traditionally classified based on the expression of specific calcium-binding proteins and 

neuropeptides, such as PV, CR, calbindin (CB), SST, and “inhibitor of DNA binding 2” 

(ID2) [148, 149].  

PV interneurons have two main morphological subtypes. PV basket cells are present 

with highest density in deep L3 and L4 [144]. Their axons arborize widely and form 

perisomatic ‘baskets’ around numerous nearby PN somata, providing strong inhibitory 

control of cortical activity [150], while they are in turn heavily targeted by the local axon 

collaterals of L3 PNs [151]. PV chandelier cells are less abundant, and present with 

vertically arrayed sets of axon terminals (“cartridges”) which terminate on the axon initial 

segment of PNs [152], thus potently controlling their firing [153]. Intriguingly, some 

evidence suggests that this input can also exert depolarizing effects [154], depending on 

the current state of the cortical circuit [155]. Converging evidence [156, 157] suggests a 

pivotal role for PV neurons in the generation of gamma oscillations associated with 

working memory [158], particularly for basket cells [159]. Recent transcriptomic studies 
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[143, 160, 161] also identified these main types of PV interneurons, with further putative 

subtypes suggesting potential functional specialization.  

A second large group of cortical interneurons express CR, which often co-express VIP 

[162]. These mostly reside in cortical L2-3, manifest with double bouquet, bipolar or 

multipolar morphology, and target not only pyramidal neurons, but also other 

interneurons (extensively studied in rodents, while human data is still scarce [163, 164], 

capable of exerting a disinhibitory effect on PNs [165] and fine-tuning cortical activity. 

In the monkey prefrontal cortex, Gabbott and Bacon found that CR-immunoreactive 

axons frequently contact the somata and proximal dendrites of CB and PV interneurons 

[166]. In contrast, the one study addressing directly this topic in the human temporal 

cortex identified many pyramidal cell bodies, but relatively fewer non-pyramidal 

GABAergic neurons targeted by CR terminals [164]. Whether this result may be limited 

by technical factors, or whether it reveals intriguing species-specific differences, remains 

unresolved to this day. Transcriptomic studies revealed unexpected heterogeneity within 

the CR–VIP cell type [143, 160], however, many putative subtypes have not been 

confirmed with histological methods yet. 

PV and CR belong to the family of EF-hand calcium-binding proteins [167], which, by 

regulating intracellular calcium homeostasis, also shape synaptic responses and modulate 

cellular excitability of neurons [168] – for example, the loss of CR impaired long-term 

potentiation in the dentate gyrus of CR-knockout mice [169].  

A third major group of INs expresses somatostatin (SST), which primarily target the 

distal dendrites of PNs [170]. Morphologically, they can be classified as Martinotti or 

non-Martinotti cells [171, 172]. Martinotti cells distinctively send their axons into L1 

where they arborize widely and terminate on the apical dendrites of PNs [148, 173]. Some 

non-Martinotti cells in L4 have been shown to inhibit PV interneurons in the mouse 

sensory cortex [174]. Studies about the distribution of human cortical SST cells so far 

yielded mixed results [175, 176], in part perhaps due to the inconsistent levels of cellular 

SST protein content across the cortex, which makes reproducible visual evaluation and 

quantification challenging [173]. Combining immunofluorescence and in situ RNA 

hybridization, Banovac and colleagues concluded that SST neurons represent about 7% 

of the total cortical neuron population and are present uniformly across layers 2-6 and the 

superficial white matter [173]. Furthermore, the authors revealed that almost all 
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supragranular SST neuron co-expresses calbindin (CB), while almost all infragranular 

SST neuron co-express neuronal nitric oxide synthase (nNOS1) – the latter identified in 

rodent as long-range interneurons [135]. The authors defined 5 SST subtypes based on 

location, immunoreactivity, and morphology. Recent transcriptomic findings also 

revealed several subtypes within the human SST neuronal population, but the correlation 

between morphological and transcriptomic subtypes has not been characterized yet [142, 

143]. 

In addition to the main IN groups described above, there remains an additional population 

of GABAergic interneurons expressing inhibitor of DNA binding 2 (ID2), reelin 

(RELN), and lysosomal-associated membrane protein family member 5 (LAMP5) [177], 

which encompasses diverse interneurons (including rosehip neurons [178], neurogliaform 

cells [179], and cholecystokinin basket cells [177, 180]. Neurogliaform cells are 

intriguing, but relatively poorly characterized in the human cortex. In rodents, they have 

been shown to have an extremely high degree of output connectivity (to both PNs and 

other INs) suggesting a pivotal role in information processing [181]. CCK basket cells 

represent an elusive subtype which has been shown to target a high variety of both PNs 

and other IN types in mice; however, they have not been deeply characterized in the 

human PFC [182]. 

The recent renaissance of cell type discovery, driven by the emergence of high-throughput 

single cell techniques, enabled researchers to discover (e.g., rosehip neurons [178]) and 

rediscover cell types with unprecedented detail and resolution [143]. Based on 

transcriptomic profiles, there may be up to 25 excitatory, and 20 inhibitory neuronal 

subtypes in the prefrontal cortex [142, 143, 160]. Today, the aim is the comprehensive 

mapping of the cellular and molecular composition of the human brain, and relating 

transcriptomically defined cell types to morpho-electrophysical properties (as seen, for 

mice, in [147]). Challenges of this multi-omic quest include handling and visualizing 

extremely large amounts of data, redefining the concept of “cell type” in light of “cell 

states” [183], and achieving meaningful integration and interpretation of data derived 

from different modalities. 

1.4.1. The DLPFC in schizophrenia 

Pioneering psychiatrist Emil Kraepelin postulated that “the mind in dementia praecox is 

like an orchestra without a conductor” [21]. He suggested that the observed deficits may 
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be linked to impaired frontal lobe function – paving the way for a line of studies linking 

impaired executive function to prefrontal cortical dysfunction in SCH. One of the core 

features of SCH is working memory (WM) impairment, making the DLPFC, a critical 

WM hub, a primary region of interest in SCH [184]. Numerous in vivo structural 

neuroimaging studies have reported gross macroscopic abnormalities of the DLPFC in 

SCH (for review, see [185]), such as thinner grey matter (which may be associated with 

antipsychotic treatment; [186, 187]), and lower connectivity between the DLPFC and 

other areas [188]. Functional neuroimaging studies repeatedly showed lower frontal 

cerebral blood flow in patients with SCH compared to neurotypical controls during WM 

tests such as the Wisconsin Card Sort Task and the N-Back Task [189–192]. 

Electroencephalography (EEG) allowed researchers to reveal that high frequency 

(gamma; ~30–80 Hz) neuronal oscillations are strongly associated with working memory 

and cognitive control-related tasks [193, 194]. SCH patients generally demonstrated 

lower gamma oscillatory power compared to neurotypical controls during WM-related 

tasks [159]. As gamma oscillations are thought to be directly dependent on synaptic 

inhibition [195], cognitive dysfunction in SCH has been suggested to be a consequence 

of cortical cellular dysfunction, particularly of disrupted GABA-mediated inhibition [57]. 

Which brings us to another line of studies directly measuring the density, mRNA content, 

and physiological properties of cortical INs (mostly conducted between 1990 and 2015; 

[196–199]). Benes and colleagues reported lower density of small, nonpyramidal neurons 

in the PFC in SCH [200], suggesting putative interneuron loss or dysfunction. PV neurons 

received a lot of attention from early on because of the obvious functional connection to 

WM [159]. While indeed several studies reported lower cortical PV neuron density in 

cortical areas, unaltered or even higher PV neuron densities were also reported (for 

review, see [199]). To date, the most robust framework has been presented recently by 

Dienel and colleagues [201], where the authors showed that PV and SST mRNA levels 

are markedly lower without the loss of the respective cells (relying on cell type-specific 

markers thought to be independent of SCH).  

To my knowledge, 9 studies focused on CR interneurons in the DLPFC in SCH, none of 

which reported significant differences in their density, CALB2 gene expression level, or 

the excitatory input converging on CR neurons [202–211], until a recent study published 

with our contribution, where a subset of SCH cases was highlighted with significantly 
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lower L2 CR interneuron density in this brain region [160]. These studies differ in 

technical and statistical methodology, the post-mortem confounding effects are not 

always accounted for, and naturally occurring individual heterogeneity further 

complicates results, making the interpretation of the results challenging [201]. However, 

the mixture of accumulating evidence suggests that GABAergic neurons are present in 

physiological density, while a subset of them may be dysfunctional in SCH – but not 

uniformly in every patient. Several studies have suggested the possibility of SCH 

“subtypes” defined by certain cellular or molecular traits. Scarr and colleagues 

documented markedly lower M1 muscarinic receptor levels in the DLPFC present in 25% 

of the donors, establishing the “muscarinic receptor deficit form of schizophrenia” 

subtype [212, 213]. Dienel and colleagues reported that only a subset of cases 

demonstrated lower PV/SST mRNA levels [201]. Notably, Ruzicka and colleagues 

identified two subgroups of SCH-associated gene expression profiles when investigating 

almost 500,000 nuclei from control and SCH cases – one similar to the control group, and 

one very different from it. In addition, they also identified SCH-like patterns in some 

control cases, highlighting the spectrum–like nature of SCH [161].  

SCH seems to be characterized by network-level functional disturbance across brain 

regions, affecting many, if not all, cell types. Traditional histo-pathological methods, 

however, only allow for the investigation of a handful of cell types at the same time on a 

rather limited scale. The fact that more than 30 years of extensive histological research 

did not establish clear cellular–molecular markers of SCH suggests that these methods 

may not be sufficient and/or adequate for doing so. Machine learning based object-

detection algorithms and automatized multiplexed histological workstations are expected 

to upscale and expand the field of neurohistology [214], however, integrating multi-omic 

approaches in the workflow seems inevitable to understand the full picture.   

1.5. Molecular psychiatry in the era of hight-throughput methods 

High-throughput (HT) or new-generation sequencing technologies (NGS) opened new 

horizons in life sciences and allow scientists to address fundamental biological questions 

with unprecedented resolution. NGS enables the parallel sequencing of a vast number of 

DNA or RNA molecules simultaneously. Molecular psychiatry greatly benefits from 

NGS technologies. While gene expression was initially measured via hypothesis-driven 
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methods such as qPCR or in situ RNA hybridization methods for a few chosen transcripts, 

today, it is possible to assess the whole transcriptome with HT microarray or RNA 

sequencing technologies [215, 216]. NGS also upscaled genetic studies: genome-wide 

association studies (GWAS) conducted on large cohorts (>1000 cases) not only identified 

hundreds of genes potentially relevant to SCH [217–219], but also revealed previously 

unrecognized systems involved in SCH, such as the complement cascade [220] and drew 

attention to non-coding regions [221]. Today, some of the most promising causal genes 

include contactin-4 (CNTN4; neuronal adhesion molecule [222]), glycoprotein 

M6A (GPM6A; critically involved in neurodevelopment [223]), transcription factor 4 

(TCF4; involved in synaptic plasticity, memory, and regulation of columnar distribution 

of layer 2–3 prefrontal pyramidal neurons [224]), and matrix mentalloproteinase-16 

(MMP16; involved in breaking down the extracellular matrix, [225]), as reported in [226]. 

GWAS alone, however, did not tackle the SCH enigma [222]. Bulk RNA sequencing 

offers further valuable insight into major gene expression patterns in SCH (e.g., [227]), 

however, fails to capture subtle, cell-type specific changes. This challenge has been 

addressed by the development of single cell/nucleus RNA sequencing (scRNAseq or 

snRNAseq, respectively; [228]). Lake and colleagues were among the first to apply HT 

snRNAseq on post-mortem human brain tissue in 2016; a milestone in human 

neuroscience [229]. The possibility of quantifying the expression of all captured genes in 

thousands of individual cells/nuclei across many samples simultaneously opened exciting 

new perspectives. It was instantly clear that describing the transcriptomic landscape of 

the “healthy” human brain is equally important as exploring disease profiles. Such studies 

have been offering great insight (autism spectrum disorder [230], Alzheimer’s disease 

[231], major depressive disorder [232], schizophrenia [160, 161]), but studies aiming to 

describe the integrative atlas of the human brain and establish a consensus cell-type 

taxonomy are of pivotal importance [142, 143]. Without understanding cell types of the 

healthy brain, we cannot truly comprehend the cell type-specific changes observed in 

disease. Recently, exploring individual heterogeneity on the transcriptomic level also 

became a hot topic, especially in connection with personalized medicine and 

pharmacogenomics [233, 160]. The single cell field is rapidly moving towards efficient 

integration of multi-scale data, including genetic, epigenetic, transcriptomic, proteomic, 
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and morpho-electro-physiological information, with the aim of at some point, finally, 

seeing the whole elephant (Figure 3).  

 

Figure 3. The inevitable struggle of science. “The parable of the blind men and the elephant 

suggests that disputes among scholars arise …  from differences of perspective – incomplete 

perceptions, each from a different angle of view, of a more complex reality.” [234] 

Epigenetics, encompassing heritable alterations in chromatin structure and function 

[235], is extremely important in neuropsychiatric illness, as it mediates the effects of 

environmental factors on gene expression during neurodevelopment and throughout adult 

life [236]. Elusive non-coding elements, such an enhancer or promoter regions, can now 

be directly assessed by NGS technologies such as ChIP-Seq (“chromatin 

immunoprecipitation followed by sequencing”; [237]) or single cell ATAC-seq [238]. 

Regarding SCH, among many genes involved in dopaminergic (DRDs), serotonergic 

(SLC6A4), GABAergic (GABRB2) and glutamatergic (glutamate metabotropic receptors) 

systems, the most consistent findings in this line of studies was the hypomethylation of 

membrane-bound catechol-O-methyltransferase (MB-COMT), essentially involved in 

catabolizing catecholamine neurotransmitters such as dopamine, epinephrine, and 

norepinephrine in the brain (for an excellent review, see [239]). Notably, many studies 

reported methylation and histone-modification alterations associated with antipsychotics 

[240]: for example, haloperidol appeared to promote global hypermethylation [241].  

Overall, the above-listed technologies are becoming indispensable tools for gaining 

insight into the mechanisms underlying healthy and pathological processes in biological 

systems. 
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2. Objectives 

The aim of this work was to reveal SCH–associated cellular and molecular patterns in the 

DLPFC and the CN. 

The main objectives were the following: 

A) Perform quantitative histological assessment of CR interneurons in the human CN 

in SCH. 

B) Perform quantitative histological assessment of excitatory neurons, CR, and PV 

interneurons in the human DLPFC in SCH. 

C) Identify cell type–specific gene expression differences between control and SCH 

samples with single nucleus RNA sequencing in the DLPFC.   
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3. Methods 

3.1. Materials 

Formalin-fixed, paraffin embedded (FFPE) tissue blocks or sections containing 

Brodmann area 9 (Ba9) and the precommissural striatum containing the head of the CN 

were obtained from the following brain banks: Netherlands Brain Bank (NBB; 

Netherlands Institute for Neuroscience, The Netherlands); Oxford Brain Bank (OBB, 

Oxford University, United Kingdom); Newcastle Brain Tissue Resource, (NBTR, 

Newcastle University, United Kingdom); King’s College London Neurodegenerative 

Diseases Brain Bank (KCL, King’s College London, United Kingdom). From NBB, 

OBB, NBTR and furthermore the Human Brain Tissue Bank (HBTB, Semmelweis 

University, Budapest, Hungary), fresh frozen (FF) tissue samples were also requested 

from as many cases as possible and used for single nucleus RNA sequencing. Material 

was collected from donors from whom (or from their next of kin) written informed 

consent had been obtained. The experiments were approved by the Research Ethics 

Committee of the Hungarian Medical Research Council (reference number 38711-

1/2019/EKU). Individuals in the control (CTR) group had no known history of psychiatric 

disorders. Demographics are described in Table 1, which also specifies which case was 

involved in which experiment. To minimalize biological variance between groups, we 

matched cases as closely as possible for PMI, age, and sex. Further details of NC samples 

can be viewed in the Supplementary Figure 1 and Supplementary Table 1 in [112], and 

of DLPFC samples in Supplementary Tables 1, 2, and 6 in [160]. 

Table 1. Demographic data of included cases and information regarding which case 

was included in certain experiments. “MB” identifies cases which were included in the 

single nucleus RNA sequencing experiment. Cases T1–T10 represent cases on which only 

IHC was performed in [160]. For cases E1–10, only CN data (not DLPFC data) has been 

published. Abbreviations: ID – identifier; Diag – diagnostic group; PMI – post-mortem 

interval (hours); SCH – schizophrenia; CTR – control; M – male; F – female; IHC – 

immunohistochemistry; CN – caudate nucleus; PFC – (dorsolateral) prefrontal cortex; 

SEQ – single nucleus RNA sequencing; Scope – RNAscope. Colour code represents 

source: yellow – Netherlands Brain Bank (Amsterdam, The Netherlands); blue – Oxford 

Brain Bank (Oxford University, Oxford, United Kingdom); green – Neurodegenerative 

Diseases Brain Bank (King’s College London, United Kingdom); pink – Newcastle Brain 

Tissue Resource (Newcastle University, Newcastle upon Tyne, United Kingdom); white 

– Human Brain Tissue Bank (Semmelweis University, Budapest, Hungary). 
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ID in 

[112] 

ID 

[160] 
Diag Age Sex 

PMI 

(h) 

Cause of 

death 

IHC 

CN 

IHC 

PFC 
SEQ Scope 

- MB6 SCH 71 M 13 
Pulmonary 

failure 
  X  

#9 MB10 SCH 79 F 4.75 
Cardiac 

failure 
X X X X 

#10 MB12 SCH 55 F 9.83 Euthanasia X X X X 

#7 MB14 SCH 66 F 11 Cancer X X X X 

#11 MB22 SCH 63 F 5 Cancer   X  

- 
MB8-

2 
SCH 59 M 12.5 

Cardiac 

failure 
X  X 

X 

 

#8 MB23 SCH 64 M 19 
Pulmonary 

embolism 
X  X X 

- MB54 SCH 77 F 23 

Pulmonary/

cardiac 

failure 

  X  

- MB56 SCH 79 M 6 Stroke   X  

- TT6 SCH 92 F 8 Pneumonia  X   

- TT7 SCH 71 M 13 n/a  X   

- TT8 SCH 60 M 41 n/a  X   

- TT9 SCH 65 F 24 n/a  X   

- TT10 SCH 55 M 50 n/a  X   

- E1 SCH 67 M 5.75 Euthanasia  X   

- E2 SCH 50 F 24 n/a X X   

- E3 SCH 62 M 36 
Pulmonary 

tuberculosis 
 X   

- E4 SCH 32 F 46 
Pulmonary 

embolism 
 X   

- E5 SCH 75 F 50 

Cerebro-

vascular 

accident 

 X   

#1 MB7 CTR 57 F 7.66 
Cancer, 

euthanasia 
X X X X 

#3 MB9 CTR 78 F 4.58 

Pulmonary 

failure, 

cancer 

X X X X 

- MB11 CTR 55 M 18.5 
Cardiac 

failure 
  X  

- MB13 CTR 61 M 5 
Cardiac 

failure 
  X  

#4 MB15 CTR 70 F 6.25 

Pulmonary 

failure, 

cancer 

X X X X 
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ID in 

[112] 

ID 

[160] 
Diag Age Sex 

PMI 

(h) 

Cause of 

death 

IHC 

CN 

IHC 

PFC 
SEQ Scope 

#6 MB16 CTR 55 M 7.25 
Intestinal 

ischemia 
X X X X 

- MB17 CTR 53 M 2 
Cardiac 

failure 
  X  

- MB19 CTR 64 M 4 
Pulmonary 

failure 
  X  

- MB21 CTR 54 F 19 Cancer   X  

#5 
MB18

-2 
CTR 55 M 7.5 

Cancer; 

euthanasia 
X X X X 

- MB51 CTR 73 M 6 
Cardiac 

failure 
  X  

- MB53 CTR 88 F 2.5 

Pulmonary/

cardiac 

failure 

  X  

- MB55 CTR 51 M 10 
Cardiac 

failure 
  X  

- MB57 CTR 68 F 18 

Pulmonary 

failure, 

cancer 

  X  

#2 TT1 CTR 60 F 8 Septicemia X X   

- TT2 CTR 59 M 78 n/a  X   

- TT3 CTR 65 M 55 n/a  X   

- TT4 CTR 78 M 64 n/a  X   

- TT5 CTR 69 F 63 n/a  X   

- E6 CTR 92 M 8.45 
Heart 

failure 
 X   

- E7 CTR 102 M 5 Ileus  X   

- E8 CTR 60 F 8.1 Cancer  X   

- E9 CTR 67 M 25 

Prostate 

cancer, 

metastasis 

 X   

- E10 CTR 63 M 23 
Colon 

cancer 
 X   

#14 - SCH 50 M 34 

Bleeding 

from esoph. 

varix 

X    

We produced 6 µm thick serial coronal sections and air-dried them on SuperFrost Plus 

slides at room temperature (RT) for immunohistochemistry and RNAscope. For 

snRNAseq, approximately 100 mg grey matter was micro-dissected per case, containing 
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all cortical layers, from fresh frozen tissue stored at -80 °C. This was carried out by I. A. 

with scalpel under a stereotactic microscope while the stage was cooled with dry ice. 

Dissected tissue was immediately put into tubes and stored at -80 °C until processing. 

Not all DLPFC samples could be used for both snRNAseq and IHC due to limitations 

such as limited tissue availability and PMI. For snRNAseq, we only included cases with 

a PMI under 24 hours to ensure sufficient RNA integrity.  

3.2. Immunohistochemistry 

Adjacent CN sections were stained for CR, Iba1, and TMEM119 [112]. Iba1 and 

TMEM119 markers were used to visualize microglia and reveal potential patterns of 

neuroinflammation. Adjacent DLPFC sections were stained for CR, PV, SMI-31.1, and 

cresyl violet (Nissl) [160]. SMI-31.1 is a neuronal filament marker which labels the 

neurofilament medium and heavy chains (NEFM, NEFH, respectively) and preferentially 

labels pyramidal neurons, making it useful for estimating the total density of cortical 

pyramidal cells [242]. Cresyl violet staining was used to estimate total neuronal density 

and to identify cortical layers.  

Tissue sections were first deparaffinized using xylene and subsequently rehydrated 

through a graded ethanol series (absolute ethanol, 96%, 90%, and 70%), followed by 

rinsing in tap water. To block endogenous peroxidase activity, sections were incubated in 

3% hydrogen peroxide (H₂O₂) prepared in phosphate-buffered saline (pH 7.4) for 20’. 

Antigen retrieval was performed by heat-induced epitope retrieval in citrate buffer (0.01 

M, pH 6.0) at 121 °C for 10’. Slides were then mounted into the Sequenza System cover 

plates and racks, which generate a capillary gap between the glass slide and the cover 

plate, thereby minimizing reagent consumption (Thermo Scientific, 72110017, 

73310017). Primary antibodies (listed in Table 2) were applied in Tris-buffered saline 

containing Triton X-100 (TBST, pH 7.6) and incubated for 1 hour at RT. 

Table 2. List of antibodies used in immunohistochemical experiments. 

Antibody Species Manufacturer Catalogue number Dilution 

anti-calretinin rabbit Chemicon AB5054 1:300 

anti-parvalbumin rabbit Abcam ab11427 1:500 

anti-SMI-311 mouse BioLegend 837801 1:500 

anti-Iba1 rabbit Wako 01919741 1:500 

anti-TMEM119 rabbit Abcam ab185333 1:200 
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Sections were then incubated with horseradish peroxidase (HRP)-linked secondary 

antibody (Envision Kit, Dako, K-5007) for 1 hour at RT. Staining was visualized by 3-

3’-diaminobenzidine (with the proportion of chromogen and substrate being 1:50) applied 

for 90’’. Between steps, TBST wash was applied (3x1’). Finally, haematoxylin nuclear 

counterstain was applied for 20’’ (in case of CN) or 90’’ (in case of DLPFC) and sections 

were left in tap water for 5’. After dehydration in a graded alcohol series and xylene, 

sections were coverslipped with DePeX mounting medium. Negative control slides 

(where primary antibodies were omitted from protocol) demonstrated no specific 

staining.    

3.3. Single nucleus mRNA sequencing 

Fresh-frozen DLPFC tissue samples (~ 100 micrograms) from 9 SCH and 14 CTR 

samples were processed at the University of Copenhagen, Biotech Research and 

Innovation Centre by Mykhailo Y. Batiuk in the laboratory of Prof. Konstantin 

Khodosevich. SCH and CTR samples were coded and processed together. First, tissue 

was homogenized with a 1-ml Dounce homogenizer in homogenization buffer [250 mM 

sucrose, 25 mM KCl, 5 mM MgCl2, 10 mM TRIS with pH 8.0, 1 mM dithiothreitol, 1× 

protease inhibitor (Roche, #11873580001), ribonuclease inhibitor (0.4 U/μl; Takara, 

#2313B), SUPERase·In (0.2 U/μl; Invitrogen, #AM2696), and 0.1% Triton X-100] on 

ice. To isolate nuclei, the homogenate was first filtered through a 40-μm cell strainer and 

spun down at 1000g for 8’ at 4 °C.  After resuspending the pellet in 250 μl homogenization 

buffer, it was mixed with 250 μl of 50% iodixanol solution overlaid on top of a 29% 

iodixanol solution (for details see the Supplementary Methods in [160]), and spun down 

in an ultracentrifuge (Beckman Coulter, MAX-XP) using a swing bucket rotor (Beckman 

Coulter, TLS 55) at 14,000gmax for 22’ at 4°C, with slow acceleration and deceleration. 

Once done, the supernatant was carefully removed, and pellets were resuspended in cold 

bovine serum albumin (BSA) solution and incubated for 15’ on ice for blocking. After 

this, the suspension was split into ‘target’ and control samples (e.g., NeuN-control, 

isotype control) for extensive quality control. To stain neuronal nuclei, NeuN antibody 

was used (Merck Millipore, MAB3777x, dilution: 1:1890) for 10’ at 4 °C. Isotype control 

was stained using a control antibody (STEMCELL Technologies, 60070AD.1, 1:378) for 

10’ at 4 °C. Then, samples were mixed with 1 ml of BSA and centrifuged for 10’ at 1000g 
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at 4°C using a swing bucket rotor. Pellets were resuspended, and filtered through a 35-

μm strainer. Fluorescence-activated nucleus sorting (FANS) was carried out with a BD 

FACSAria III sorter using a 75-m nozzle, using the ‘BD FACSDiva’ 8.0.1 software (for 

further details see Methods section of [160]). FANS was carried out on the NeuN-stained 

‘target’ sample to extract neuronal nuclei for sequencing. We chose to only include 

neurons due to financial reasons and based on evidence suggesting neuronal elements 

being more burdened in SCH than non-neuronal elements (further substantiated by [157], 

where the majority of transcriptomic burden accumulated in the neuronal compartment).  

Library preparation was done according to standard 10X Genomics protocols with the 

Chromium Single Cell 3′ Reagent Kits v3 (10x Genomics, PN-1000075). Nuclei were 

quantified under a microscope, mixed with reverse transcription mix, and loaded onto 

Chromium (B) Chips (10x Genomics, PN-1000073) with partitioning oil and v3 Gel 

Beads. The Chromium Controller microfluidic equipment (10x Genomics, PN-120223)   

captured individual nuclei, reagents, and Gel Beads in single oil droplets, producing “Gel 

Beads-in-emulsion” or “GEMs”. Gel Beads have short oligonucleotide sequences on their 

surface, which contain unique 10X barcodes (“cell barcodes”), unique molecular 

identifiers (“UMI”s, which serve as “mRNA molecule barcodes”), and polyDT sequences 

for capturing mature mRNA molecules by hybridizing to their poly–A tails. Then, reverse 

transcription of captured mRNA took place. Samples were stored at –20 °C and processed 

for cDNA cleanup and pre-amplification (12 polymerase chain reaction cycles) within a 

week. After cleanup using “SPRI–select” magnetic beads, cDNA was quantified and 

stored at −20 °C. 

After these steps, fragments were cleaned up using the magnetic beads and processed 

through adapter ligation and sample index PCR with several steps of cleanups. Libraries 

were then cleaned up with magnetic beads and quantified with the Qubit HS dsDNA 

Assay Kit (Thermo Fisher Scientific, Q32854), Qubit Fluorometer, and the High 

Sensitivity DNA Kit (Agilent, 5067-4626) with the Agilent 2100 Bioanalyzer. Libraries 

were pooled based to the expected amounts of nuclei per sample. Pools were quantified 

and sequenced using either 100 or 200 cycles of NovaSeq 6000 S2 (Illumina, 20012861 

and 20012862) runs on Illumina NovaSeq 6000 System (Illumina 20012850) controlled 

by the NovaSeq Control Software. Libraries were sequenced with 28 cycles for read 1, 8 
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cycles for i7 index, and 94 cycles for read 2. On average, sequencing yielded 54,230 reads 

and 4413 genes per nucleus. 

3.4. RNAscope combined with immunohistochemistry 

Combined in situ mRNA hybridization–immunohistochemistry experiments (RNAscope 

immune co-detection) for validating snRNAseq results were carried out on FFPE tissue 

containing DLPFC by Dora Sedmak and colleagues in the Zagreb Brain Research Centre 

in case of [160]. CALB2–CR RNAscope co-detection was carried out by T.T. at the 

Department of Pharmacology and Pharmacotherapy (Semmelweis University), in 

collaboration with Dr. Zoltan V. Varga. In all cases, experiments were carried out 

according to the manufacturer’s guides (RNAscope Multiplex Fluorescent V2 Assay) 

[243]. Sections were pretreated at 60 °C on a heater for 1 hour, and deparaffinized (2x5’ 

xylene, 2x2’ absolute alcohol), after which excess alcohol was dried off at 30 °C and 

H2O2 solution was applied for 10’ at RT (from the RNAscope™ Multiplex Fluorescent 

Detection Kit v2; #323110). To enhance antigen retrieval, slides were heat-treated in a 

rice cooker in Co-Detection Target Retrieval solution (ACDBio; RNA-Protein Co-

Detection Ancillary Kit; #323180) for 12’ at 100 °C. After 2x1’ wash with distilled water 

(DW) and 1’ in absolute alcohol, excess alcohol was dried off at 30 °C, and a hydrophobic 

barrier was drawn around tissue sections with an ImmEdge Hydrophobic Barrier PAP 

Pen (H-4000). Once the barrier was completely dry, sections were incubated with the 

Protease Plus solution (from the RNAscope™ Multiplex Fluorescent Detection Kit v2; 

#323110) for 30’ in the RNAscope Hybez® oven at 40 °C. After 2x1’ DW wash, sections 

were incubated with the probe solution (ACDBio, Hs-CALB2 probe for channel C1, 

#422171; Hs-CHRFAM7A for channel 1, #833991; Negative Control Probe, #EF191515, 

3-plex Positive Control Probe – POLR2A (channel C1), PPIB (channel C2), UBC 

(channel C3), #320881) for 2 hours in the RNAscope Hybez® oven at 40 °C. As this is 

an official breakpoint in the protocol, slides were removed from the RNAscope rack after 

2 hours, washed 2x2’ in wash buffer (WB), and stored in 5X saline-sodium citrate buffer 

overnight. The next day, slides were washed 2x2’ in WB, then incubated with AMP1 

reagent in the oven for 30’. After 2x2’ in WB, slides were incubated with AMP2 reagents 

for 30’. During this incubation time, the fluorescent dyes were prepared (TSA Plus 

FITC/Cyanine 3/Cyanine 5, AKOYA Biosciences, #NEL741001KT, #NEL744001KT, 
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#NEL705A001KT, respectively; 180 μl/section; 1:1000 in TSA buffer #322810). After 

2x2’ in WB, slides were incubated with AMP3 reagents for 15’. After 2x2’ in WB, the 

WB was discarded and replaced with new WB. Slides were incubated with HRP-C1 for 

15’. After 2x2’ in WB, fluorescent dye (dedicated to channel 1) was applied for 30’. After 

2x2’ in WB, slides were incubated with HRP blocker for 15’. After 2x2’ WB, HRP-C2, 

fluorescent dye for channel 2, HRP-blocker, and HRP-C3, fluorescent dye for channel 3, 

and HRP blocker were also sequentially applied in the case of positive control probes. In 

the case of the target probe experiment, only the relevant channel was developed (channel 

1), coupled with Cy3 fluorescent dye. In the case of immune co-detection, TBST wash 

was applied after the last HRP-blocker step, and slides were incubated with rabbit anti-

calretinin antibody (Merck Millipore, ABN2191, 1:300 in TBST) at RT for one hour. 

After 3x5’ TBST wash, donkey anti-rabbit secondary antibody (Alexa FluorTM 488, 

Invitrogen, #A-11008, 1:500 in TBST) was applied for 45’ and washed away with 3x5’ 

in TBST. 

Finally, 4′,6-diamidino-2-phenylindole (DAPI) was applied for 2’ to label nuclei, and 

slides were coverslipped with Fluoromount-G mounting medium (Thermo Fisher 

Scientific; #00-4958-02). Slides were stored away from light, left to dry at RT overnight, 

and were finally transferred to 4 °C for long-term storage. 

In the case of the CR–CALB2 experiment, the finishing steps included incubation with 

TrueBlack Plus solution (Biotium #23014; 1:40 in 70% ethanol, for 40’’) to quench 

autofluorescence. 

3.5. Image analysis 

Sections stained by immunohistochemistry were digitalized with whole-slide scanners 

(Aperio ScanScope AT Turbo, Leica Biosystems; Pannoramic Flash Desk DX, 

3DHistech) at 20× and 40× magnification, respectively. Image analysis was carried out 

in digital pathology softwares (Aperio ImageScope v12.4.3.5008; Leica Biosystems; and 

SlideViewer v2.7.0.191696, 3DHistech). 

Regarding striatal sections, the total CN was outlined and every immunoreactive neuron 

was annotated within the outlined region. One slide contained one section due to the large 

size of human tissue blocks. The annotation included measuring the longest diameter of 

neurons. Neurons were classified based on this measurement following the criteria 
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described by Petryszyn and colleagues with slight modifications [111]: small neurons (6 

– 15 μm), medium-sized neurons (15 – 25 μm), large neurons (25 – 60 μm). Density 

values were calculated based on neuron number and measured area.  

In the DLPFC, regions of interests (ROIs) were outlined (1 mm wide columns containing 

all cortical layers from the pial surface to the white matter where pial surface was 

perpendicular to the white matter; on average 5 ROIs/slide). Within each ROI, every 

cortical layer was separately outlined as well to measure their individual areas and neuron 

densities. Cortical layers were identified based on cytoarchitecture and adjacent sections 

which were stained with cresyl violet (which especially helped identifying L4). 

Immunoreactive cell bodies were annotated and density values were calculated from cell 

number and area. While this 2D method is not adequate for measuring absolute cell 

density, it is sufficient for measuring and comparing relative densities between groups 

[244]. Four investigators contributed to the quantification (CN: V.F, I.A, T.T; DLPFC: 

V.F, I.A, T.T, E.S), all blinded to the diagnoses of the subjects. Annotation was 

supervised by I.A. The annotation also included measuring the longest visible diameter 

of each immunoreactive neurons. Consistent with our earlier studies, only cell bodies with 

a diameter >6 µm were included [112, 245]. In the case of Iba1 and TMEM119 staining, 

the total immunoreactive area fraction was measured by the Aperio Positive Pixel Count 

Algorithm, as previously [245]. 

Fluorescently stained sections (RNAscope experiments) were digitized by an LSM780 

confocal laser scanning microscope and a fluorescent whole-slide scanner (3DHistech 

Pannoramic MIDI II). The 20× and 63× objectives were used in the confocal microscope 

to produce tile scans containing all layers of the cortex within a 1 mm-wide column. 

RNAscope sections for [160] were evaluated by T.T. in the Aperio ImageScope program, 

similarly to IHC slides (cortical layers were outlined on tile scans and positive neurons 

were annotated). In case of the CR–CALB2 experiment, the fluorescent scanner was used 

at 20× to produce whole-slide scans. At least two ROIs per section were outlined, in which 

neurons were annotated in the SlideViewer software by Örvényesi-Petik Sára 

undergraduate research student with the supervision of T.T. Because our previous results 

suggested that CR interneuron density was only significantly lower in L2, we focused on 

supragranular layers (L1–L3). We established 5 qualitative categories based on the 

expression level of both the CR protein and mRNA: 1) high protein – high mRNA; 2) 
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low protein – high mRNA; 3) no protein, high mRNA; 4) low protein – low mRNA; 5) 

high protein – low/no mRNA. The threshold between low and high mRNA content was 

set to 10 mRNA spots based on visual evaluation of all slides. CALB2 mRNA positivity 

threshold was set at 3 spot/cell. We only considered cells in which the nucleus was visible. 

We acknowledge that this is approach could be further refined and we aim to increase the 

number of samples, the number of annotated ROIs, and establish a more objective semi-

automated quantification protocol. After annotation, the percentage and number of each 

category in each ROI was extracted, and density was calculated based on neuron number 

and area.   

3.6. Density heatmaps 

For the visualization of CR neuron distribution and density as heatmaps, intact cortical 

areas (0.25 cm2 – 1 cm2) were delineated on the scanned sections, in which all 

immunoreactive cell bodies were annotated in the Aperio ImageScope software. Some 

sections had rips or insufficiently stained areas due to technical issues, therefore the 

available area of intact cortical areas varied across sections. Cases MB18-2, MB23, and 

TT5 were excluded due to having too many rips and bubbles present. From the remaining 

sections, over 45,000 CR-immunoreactive cells were annotated in over 18 cm2 of cortical 

grey matter. Coordinates of annotated cells were loaded into a spatial informatics software 

(Quantum Geographic Information System “QGIS” v2.18.3, [246]). The metric 

projection EOV23700 was used. Maps were generated from the coordinates with the 

‘heatmap’ module. We used a standard sampling radius of 565 μm, with a threshold of 

30, meaning that on the red area of a computed heatmap in a [(0,565 mm2) x π] area circle 

(~ 1 mm2), at least 30 cells could be expected. Heatmaps were exported and merged with 

the respective tissue images to put the maps in spatial context using Gimp v2.10.22. 

3.7. Bioinformatics analysis 

The raw snRNAseq data provided by Illumina NovaSeq6000 platforms was processed by 

CellRanger, a free 10X Genomics tool, to produce FASTQ files by the mkfastq function, 

and raw/filtered count matrices by the count function, carried out by our collaborators at 

the University of Copenhagen. Raw data produced in the study can be accessed at 

https://zenodo.org/records/6921620. These matrices contain genes in the rows, individual 

https://zenodo.org/records/6921620
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nuclei barcodes in the columns, and respective gene expression values in the cells. Code 

produced by our collaborators for the downstream analysis using “pagoda2” 

(https://github. com/kharchenkolab/pagoda2), “Conos” (https://github.com/ 

kharchenkolab/conos), and other packages to produce the results and plots presented in 

[160] can be found at https://github.com/khodosevichlab/Schizophrenia20, with 

extensive description in the Methods section of [160].  

To briefly introduce the analyses applied by our research partners to produce the results 

and figures presented in [160]: datasets were normalized using “pagoda2”, samples were 

aligned using “Conos”, and the UMAP (Uniform Manifold Approximation and 

Projection) embedding was carried out with default parameters. Layer-specific locations 

of the identified cell types were estimated based on the Allen Brain Institute human motor 

cortex, temporal cortex, and anterior cingulate cortex datasets [140, 247]; for details, see 

[160]. Cell type-specific differentially expressed genes (DEGs) between groups were 

explored with a pseudo-bulk approach with the Wald test in DESeq2 [248] via the 

estimatePerCellTypeDE() function [249]: gene counts per cell type were pooled (per 

sample) to create pseudo-bulk gene counts. The p-values of DEGs were corrected for 

multiple comparison with the Benjamini-Hochberg method. To gain functional insight 

about the top DEGs, Gene Ontology analysis was carried out with the “clusterProfiler” 

package [250] for every cell type, focusing on Biological Pathway (BP) terms. Resulting 

BP terms were filtered by corrected p-values and clustered into 20 clusters based on the 

similarity of the genes involved in the categories. Additional analyses were also done, 

however, as I did not contribute to those in any way, I do not report them here.  

For the unpublished figures presented here for the sake of better understanding cell types 

and marker gene expression (Figure 10 and 11), I used the raw count matrices 

(https://zenodo.org/records/6921620: snRNA-seq_raw_countmatrices.RDS) and carried 

out analyses in R (version 4.3.1.) with the “Seurat”, “harmony”, “tidyverse”, and 

“patchwork” packages. Quality control was applied on each sample separately. Nuclei 

were filtered based on the number of unique genes detected (‘nFeature_RNA’) and the 

number of UMIs detected (‘nCount_RNA’) and mitochondrial gene expression level, to 

exclude low-quality nuclei and potential doublets (where two or more nuclei stick 

together and are registered as one). Filtered datasets were merged and “SCTransform” 

normalization was applied [251]. Despite the controlled experimental setup, the data 

https://github.com/khodosevichlab/Schizophrenia20
https://zenodo.org/records/6921620
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manifested some level of batch effect (when nuclei from certain batches, such as sample 

ID, tend to cluster together regardless of gene expression profiles), so I applied Harmony 

integration [252], which resulted in sufficient batch correction. The necessary steps of 

dimension reduction (Principal Component Analysis – PCA, Uniform Manifold 

Approximation and Projection – UMAP [253]) were followed by k-nearest-neighbours 

(KNN) clustering with FindNeighbours() and FindClusters(). Resolution is an important 

parameter of clustering, which directly impacts the number of clusters identified by the 

algorithm. Lower resolution highlights fewer, main cell types, while higher resolution 

allows for identification a higher number of smaller cellular subtypes. Achieving optimal 

high resolution can be challenging, as many cellular subtypes are not yet known and/or 

validated, one cannot be always sure if a small subcluster represents a biologically 

meaningful subtype or a technical artifact. Therefore, in my analysis, I chose a medium 

resolution which revealed the main cell types in the DLPFC which could be annotated 

based on known marker genes (in line with [160], Supplementary Table 3). As reported 

in the manuscript, despite FANS, there were some non-neuronal nuclei present in the 

dataset, originating from a few samples. I excluded such nuclei (mainly identified as 

astroglia and oligodendroglia based on aquaporin 4 and myelin basic protein expression) 

along with small, non-informative clusters, to achieve a clear, interpretable map of the 

investigated cell types.  

3.8. Statistical analysis 

Results are presented as mean ± sd. Alpha was set to 5%. In the case of [112], density 

values were statistically evaluated in the SPSS software (version 22.0) by I.A and T.T. 

Unpaired, two-tailed Student’s t-tests were used to test whether the mean of age, PMI, 

and cross-sectional areas of the caudate nucleus were different between groups. Fisher’s 

exact test was used to compare the distribution of sex between the groups. Finally, general 

linear models (GLM) were fitted on the data, which included cell density as dependent 

variable, diagnosis and cell type and explanatory variables, and PMI, age, and sex as 

potential confounders.  

In the case of IHC and RNAscope results from the DLPFC in [160], density values of 

annotated neurons were analysed by T.T. in R environment (version 4.3.1.) by applying 

linear mixed models (LMM) using the “lme” function of “nlme” package [254] and post-
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hoc comparison tests (via “lsmeans” from the “emmeans” package) with Bonferroni 

correction. This approach was chosen because several measurements were taken from the 

same sample (namely, 6 layer-specific density measurements), producing non-

independent data. Each cell type was investigated in separate models. Cell density was 

set as the dependent variable, while sample ID was included as random effect. Layer 

(referring to respective cortical layer) was set as within-subject factor (6 levels), while 

diagnosis was set as a between-subject factor (2 levels). PMI, age, and sex were included 

as confounder variables. First, “full” models were constructed including diagnosis, PMI, 

age, sex, and their interactions with the Layer factor. This revealed which variables may 

affect the dependent variable significantly. Then, non-significant interactions and 

variables were dropped to achieve “final” models (see Supplementary Table 5 in [160]). 

To directly compare layers with each other across groups, post hoc multiple comparison 

tests were applied to these models using the “lsmeans” function. Reported p-values were 

corrected for multiple testing with the Bonferroni method. Because the lsmeans approach 

results in numerous comparison pairs, we only reported the p-values of comparisons 

relevant to our study (namely, CTR–SCH comparisons in layers 1–6). To compare 

average cortical width between groups, unpaired, two-tailed Student’s t test was used. 

The CR-CALB2 RNAscope experiment was analysed similarly, however, instead of the 

“lsmeans” multiple comparison approach (producing numerous irrelevant, unnecessary 

comparison pairs), contrast matrices were constructed to directly test the biologically 

relevant questions (e.g., whether the ratio of a certain cell category differs between 

groups).  

Regarding [112], my own work included whole-slide scanning, manual cell counting, 

carrying out descriptive statistics and correlation analyses, and participation in writing 

the manuscript. Regarding [160], my own work included sectioning paraffin-embedded 

tissue, immunohistochemical staining, whole-slide scanning and confocal microscopy, 

manual cell counting, statistical analyses, and participation in writing the manuscript. 

Unpublished, extra snRNAseq figures presented here are my own work based on the 

original, published dataset (https://zenodo.org/records/6921620). The CR-CALB2 

RNAscope experiment was carried out by me at the Department of Pharmacology and 

Pharmacotherapy (Semmelweis University), in collaboration with Dr. Zoltan V. Varga.    
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4. Results 

4.1. Quantitative histological assessment of neuron density in SCH 

4.1.1. Calretinin interneurons in the caudate nucleus 

Analysing striatal sections from 6 SCH and 6 CTR cases confirmed the presence of small, 

medium, and large subtypes of CR neurons (Figure 4/A–R), and revealed significantly 

lower density of CR neurons in the CN (Figure 4/right panel) based on altogether 21,443 

annotated neurons (p = 0.018; n = 6/group; GLM on total CR density). The densities of 

small, medium, and large CR interneurons were all relatively lower in SCH, however, 

statistical testing only revealed the density of small CR interneurons as significantly 

different (p = 0.013; n = 6/group; GLM). This was not confounded by PMI, age, or sex 

(p > 0.05, n = 6/group; GLM; see Supplementary Table 6 in [112]).  

 
Figure 4. Morphology and density of calretinin subtypes in the caudate nucleus in control 

(CTR; blue) and schizophrenia (SCH; red) cases. Large (C, F), medium (D, E, G, H), and small 

(I–R) cell types showed no gross morphological differences between groups. The density of large 

and medium subtypes did not differ significantly, while the density of small calretinin neurons 

was significantly lower in the SCH group (p = 0.013; n = 6/group; general linear model). Scale 

bars: (A, B, C, F): 40 μm; (D, E, G, H): 20 μm; (I–R): 15 μm. Images reused and modified from 

[112]. 

 

Furthermore, there were no significant differences between the average longest diameter 

of annotated neurons between groups (small: p = 0.803; medium: p = 0.975; large:  p = 

0.962; n = 6/group; t-tests for SCH vs CTR).  
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To gain insight into whether potential volumetric changes of the CN may influence the 

measured neuronal density, we compared the cross-sectional caudate nucleus areas 

measured during annotation and found no significant difference between groups (CTR: 

0.99 ± 0.09 cm2, SCH: 0.90 ± 0.08 cm2, p = 0.477, n = 6/group, t-test). Age and cross-

sectional area were not significantly correlated in either group, although interestingly, 

SCH cases showed slight positive, while CTR cases showed slight negative correlation 

(SCH: r = 0.32, p = 0.59, n = 6, Pearson’s correlation; CTR: r = -0.37, p = 0.46, n = 6, 

Pearson’s correlation). 

4.1.2. Striatal microglial activity in SCH  

To determine whether the observed lower CR neuron density may be associated with 

increased neuroinflammation, we immunohistochemically visualized Iba1- and 

TMEM119-containing microglia in adjacent sections from the same cases. Qualitative 

evaluation conducted by three independent observers revealed no inflammatory patterns. 

In both groups, the large majority of microglia showed resting morphology (small cell 

bodies and fine ramified processes; see Figure 5).  

 

Figure 5. Qualitative assessment of general striatal microglial activity in control (CTR) and 

schizophrenia (SCH) cases. The distribution and morphology of both Iba1 (top row) and 
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TMEM119-expressing microglia (bottom row) showed no prominent differences visible upon 

qualitative evaluation. Most microglia cells demonstrated typical resting morphology with small 

cell bodies and fine, ramified processes in both groups (control: left; schizophrenia: right). Scale 

bars represent 20 μm. Images taken from [112]. 

Comparing the total immunoreactive area fractions revealed no significant differences 

between groups (CTR/Iba1: 5.04% ± 0.42%, SCH/Iba1: 3.66% ± 0.87%, p = 0.164; n = 

6/group, t-test; CTR/TMEM119: 3.32% ± 0.46%, SCH/TMEM119: 2.96% ± 0.72%, p 

= 0.659; n = 6/group, t-test). 

4.1.3. Calretinin and parvalbumin interneurons in the DLPFC 

Analysing DLPFC sections from 10 SCH and 10 CTR samples revealed significantly 

lower density of CR neurons, specifically in cortical layer 2 (based on altogether 5254 

neurons; p = 0.0028; n = 10/group; LMM followed by post-hoc multiple comparison; 

Figure 6/A–B). Notably, only a subset of SCH cases demonstrated strikingly lower 

density, which was not associated with PMI or other known confounding factors (Figure 

6/B, cases highlighted with red circle). Unpublished data from an expanded dataset (n = 

15/group) further substantiates the same result (p = 0.000165, LMM followed by post-

hoc multiple comparison). PV neuron density was also markedly lower in cortical layer 

2 (based on altogether 6507 annotated neurons) in the SCH group, however, this result 

was strongly confounded by PMI (p = 8.3 × 10−7; n = 10/group; LMM followed by post-

hoc multiple comparison; Figure 6/C–D). Therefore, we excluded PV interneurons from 

further analyses. 
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Figure 6. Density of cortical calretinin and parvalbumin interneurons in samples from the 

dorsolateral prefrontal cortex of neurotypical controls (CTR) and patients with schizophrenia 

(SCH). A) Representative image of a cortical column stained against calretinin (CR) in both CTR 

(left) and SCH (right) cases. B) Scatterplot showing layer-specific CR interneuron density in CTR 

(red) and SCH (blue) cases. Red circle indicates the subset of SCH samples with markedly lower 

CR interneuron density (n = 10 cases/group, altogether 5254 neurons). C) Representative image 

of a cortical column stained against parvalbumin (PV) in both CTR (left) and SCH (right) cases. 

D) Scatterplot showing layer-specific PV interneuron density in CTR (red) and SCH (blue) cases 

(n = 10/group, altogether 6507 neurons). Diamonds represent group averages on the plots. Scale 

bars = 100 μm. Image taken and slightly modified from [160].  

During manual cell counting, we noticed high spatial heterogeneity in the density and 

distribution of CR neurons and we were curious whether this may be associated with any 

group-specific patterns. Mapping CR neuron distribution on a larger scale confirmed 

inhomogeneous CR cell body distribution (Figure 7/A–F), suggesting a “patchy” 

distribution pattern in SCH with visually striking low-density patches (Figure 7/A–C). 

Similar patterns were also visible in some CTR cases, although generally to a lower extent 

(e.g. Figure 7/F).  
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Ncells = 5254; 10 CTR, 10 SCH 

Ncells = 6507; 10 CTR, 10 SCH 
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Figure 7. Representative heatmaps revealing the density and distribution of cortical calretinin 

interneurons. Samples from patients with schizophrenia (A, B, C) generally demonstrated more 

“low-density patches” and more disrupted distribution compared to neurotypical controls (D, E, 

F). Scale bars represent 2 mm. Colour scale indicates neuronal density (0 – blue; 30 – red). 

Interpretation: in any point of a red area, at least 30 immunoreactive neurons are present in a 1 

mm2 circular area. Unpublished results. 

Diagnostic groups were not visually distinguishable during annotation. However, visual 

evaluation of the heatmaps (when knowing which group they belonged to) revealed that 

many SCH cases demonstrated higher level of spatial heterogeneity, with more low-

density patches (Figure 7/A–C) compared to controls (Figure 7/D–F) – potentially 

suggesting disrupted upper layer structure of CR interneurons, which could be the result 

of developmental disturbances. At this stage, this is a qualitative assessment with no 

statistical corroboration. 

4.1.4. Total neuron and excitatory neuron density in the DLPFC 

Annotating all neuronal elements in a subset of cases stained with cresyl violet (Nissl) 

revealed no overall difference in total neuron density between the groups (based on 

altogether 45,446 neurons, p = 0.875; n = 6/group; LMM; Figure 8/A–B). Measuring the 

overall density of excitatory neurons stained by SMI-31.1 in the whole cohort, we found 

no significant difference between the two groups (based on altogether 58,964 neurons, p 

= 0.721; n = 10/group; LMM; Figure 8/C–D).  
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Figure 8. Total neuron density and total excitatory neuron density in the dorsolateral prefrontal 

cortex of patients with schizophrenia (SCH) and neurotypical controls (CTR). A) 

Representative image of a cortical column stained with cresyl violet in both CTR and SCH cases. 

B) Scatterplot showing layer-specific total neuron density in CTR (red) and SCH (blue) cases; no 

significant difference was found. C) Representative image of a cortical column stained against 

SMI31.1 in both CTR and SCH cases. D) Scatterplot showing layer-specific SMI31.1-

immunoreactive excitatory neuron density in CTR and SCH cases. Diamonds represent group 

averages on the plots. Scale bars = 100 μm. Images taken and slightly modified from [160].  
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Ncells = 45,446; 6 CTR, 6 SCH 

Ncells = 58,964; 10 CTR, 10 SCH 
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4.2. Gene expression differences between CTR and SCH DLPFC 

Raw data and results of bioinformatical analyses presented in Batiuk et al., 2022 [160] 

were produced by mainly by Mykhailo Y. Batiuk, Peter V. Kharchenko, Katerina 

Dragicevic, Rasmus Rydbirk, Viktor Petukhov, Shenglin Mei, Quiven Hu, and Ruslan 

Deviatiiarov. I participated in planning and conducting IHC and RNAscope experiments, 

slide scanning and confocal microscopy, image analysis, statistical analysis, and 

biological interpretation. For the sake of this dissertation, I re-analysed the raw 

sequencing data for visual purposes (Figures 10, 11). 

4.2.1. Cortical interneuron diversity 

To gain cell type-specific insight about gene expression differences in SCH, our research 

partners processed 9 SCH and 14 CTR DLPFC samples at the University of Copenhagen 

for snRNAseq. The process captured 225,012 nuclei, of which 209,053 passed quality 

control. High-resolution clustering produced 15 excitatory (EX) and 20 inhibitory (IN) 

neuronal subclusters (Figure 9/A), identified by canonical marker gene expression 

(Figure 9/B). Age, PMI, sex, disease condition, and other characteristics were also 

generally evenly distributed across the UMAP plots, suggesting that confounding effects 

did not influence clustering (Supplementary Figure 5 in [160]). IN and EX nuclei could 

be clearly distinguished based on the presence or absence of glutamic acid decarboxylase 

(GAD1; Figure 9/B). Main cell types were further annotated by cluster-specific marker 

genes (full list can be accessed in Supplementary Table 3 in [160]). Despite FANS, glial 

nuclei were also present in the dataset originating from a few cases [revealed by the 

expression of markers such as solute carrier family 1 member 3 (SLC1A3; astroglia), 

myelin basic protein (MBP; oligodendroglia), and protein tyrosine phosphatase receptor 

type C (PTPRC; microglia)], but these nuclei were excluded from further analyses. 
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Figure 9. Single nucleus RNA sequencing analysis of the dorsolateral prefrontal cortex 

samples from patients with schizophrenia and matched neurotypical controls visualized in the 

same space. A) Uniform manifold approximation and projection (UMAP) graph showing high-

resolution cellular subtype clusters in the DLPFC including both groups. One point here 

represents one nucleus. Non-neuronal clusters are also show; however, these were excluded from 

further analyses. 15 excitatory clusters and 20 GABAergic inhibitory clusters were identified.  B) 

Gene expression plots of selected marker genes. From left to write, top to down order: glutamic 

acid decarboxylase (GAD1) indicates GABAergic inhibitory interneurons. SATB homeobox 2 

(SATB2) expression indicates principal excitatory neurons. Cut-like homeobox 2 (CUX2) 

identifies upper-layer excitatory cell types. RAR-related orphan receptor B (RORB) identifies 

layer 4-5 principal cell types. FEZ family zinc finger 2 (FEZF2) and thymocyte selection 

associated protein (THEMIS) identify subtypes of layer 5-6 principal cell types. Main 

GABAergic interneuron cell types can be identified by vasoactive intestinal peptide (VIP), 

inhibitor of DNA binding 2 (ID2), somatostatin (SST), and parvalbumin (PVALB) expression. 

Solute carrier family 1 member 3 (SLC1A3) and myelin basic protein (MBP) expression reveal 

astroglia and oligodendroglia contamination, respectively. Images taken from [160]. 
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Figure 10. Expanded figure for demonstrating main cell types and selected marker genes. 

Nuclei from both diagnostic groups are presented together, in the same space. A) Lower-

resolution clustering highlighted main cell types in the uniform manifold approximation and 

projection (UMAP) graph including all samples from both groups. One point represents one 

nucleus. B) No batch effect visible (nuclei from every sample are represented in every cluster), 

confirming that after integration, nuclei formed clusters based on gene expression profiles, not 

based on technical or biological confounder variables. C) Gene expression plots of selected 

markers identify main cell types. From left to write, top-down order: MAP2 – neuronal cells; 

GAD1 – GABAergic interneurons (INs); ADARB – INs of caudal ganglionic eminence-origin; 

LHX6 – INs of medial ganglionic eminence-origin; PVALB – parvalbumin INs; SST – 
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somatostatin INs; VIP – vasoactive intestinal peptide/calretinin INs; RELN – reelin-expressing 

neurogliaform INs; LAMP5 – upper-layer pyramidal neurons (PNs) and neurogliaform/rosehip 

INs; CUX2 – upper-layer PNs and PVALB, SST INs; RORB – layer 4-5 PNs; TLE4 – layer 5-6 

PN subtypes; THEMIS – layer 5-6 PN subtypes; PAX6 – putative cholecystokinin INs; COL15A1 

– chandelier PV INs; CALB2 – calretinin gene expression. Gene names are resolved in the List 

of Abbreviations. Unpublished supplementary figure based on original, openly available data 

published in [160]. 

Main cortical EX and IN cell types were identified (Figure 10/A), and each cluster 

contained nuclei from all subjects, indicating that potential technical differences between 

subjects (“batch effects”) were successfully corrected during data processing (Figure 

10/B).  EX cell types were identified based on the expression of known marker genes 

such as CUX2 (supragranular cell types); RORB (layer 4 cell types); FEZF2, TLE4, and 

THEMIS (infragranular cell types), as shown in Figure 10/C. Cell types were assigned to 

the layers they primarily reside in based on Allen Brain Institute resources (for details, 

see [160]). Main IN cell types were identified based on the expression of known marker 

genes including LHX6, ADARB2, PVALB, SST, VIP, RELN, PAX6, COL15A1, and 

CALB2 (Figure 10/C).  

Cell types identified here aligned well with Allen Brain Institute reference databases 

(Supplementary Figure 4 in [160]). Main EX and GABAergic IN cell types were further 

clustered based on secondary and tertiary markers achieving 15 EX and 20 IN clusters 

(Figure 9/A; full marker gene list in Supplementary Table 3 in [160]).  

For example, the heterogenous VIP cluster could be subdivided into further putative 

subclusters based on corticotropin-releasing hormone (CRH), ABI family member 3 

binding protein (ABI3BP), semaphorin 3 (SEMA3C), NCK associated protein 5 

(NCKAP5), inhibitor of DNA binding 2 (ID2), reelin (RELN), tyrosinase (TYR), and 

somatostatin receptor 1 (SSTR1) expression (Figure 11 panels, respectively). Notably, 

CALB2 expression was not confined to VIP clusters – CALB2, ID2 and NCKAP5 

expression overlapped in a substantial proportion of nuclei, which suggests that a subset 

of putative neurogliaform neurons may also express CALB2 (Figure 11). 

It must be noted that high-resolution, small transcriptomic subtypes are in many cases not 

yet validated and their biological relevance as a “cell type” is not always clear [255]; 

future studies are necessary to confirm such cellular subtypes with in situ RNA 

hybridization and immunohistochemistry. 
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Figure 11. Gene expression plots depicting expression of markers for putative cortical VIP 

interneuron subtypes presented in [160]. Full names of included marker genes can be found in 

the List of Abbreviations. Although these putative subclusters are intriguing, further in situ 

validation is necessary to confirm their existence as discrete cell types. Scale bar represents 

normalized gene expression. Unpublished supplementary figure derived from published, openly 

available data [160]. 

Chandelier and basket PVALB cell types could be clearly identified based on additional 

CRH/COL15A1 and MEPE expression, respectively (in line [161]). Within the SST 

cluster, upper-layer- and lower-layer-residing neurons could be identified based on 

CALB1 and NPY expression, respectively, along with other potential subtypes. RELN cell 

types formed a bridge between VIP and ID2/rosehip clusters. CCK and PAX6 expression 

identified putative CCK basket cells, some of which also expressed CALB2 at low levels. 

Rosehip neurons could be identified based on ID2, LAMP5, TRPC3 and CHST9 

expression [178, 161].  

To explore the extent of within- and between-group heterogeneity, expression distance 

values were calculated via Pearson’s linear correlation (for details, see [160]). Inter-

sample expression distances were significantly higher in the SCH group compared to the 

CTR group (p < 0.0001), and when projecting expression distances into 2D space for 

visualization, CTR samples clustered together, while SCH appeared more scattered (see 

Figure 2/E–F in [160]) – as expected, based on the heterogenous manifestation 

characteristic of SCH. Some SCH samples aligned closer with CTR cases, while others 

were located farther, which is a pattern that has been also noted by others [161, 227]. 
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4.2.2. Differentially expressed genes 

Cell-type specific differentially expressed genes (DEGs) in SCH compared to CTR are 

listed in Supplementary Dataset Table 1 in [160] (available to download at 

https://zenodo.org/records/6921620). Nearly all cell types presented with a high number 

of DEGs however, only a fraction of them remained strongly significant after statistically 

correcting p-values for multiple testing (“p.adj” column). PVALB_CRH neurons 

(corresponding to PV chandelier cells), and certain SST subtypes presented with the 

highest proportion of highly expressed, significant DEGs. It should be noted that a 

number of significant DEGs were shared among both IN and EX cell types, for example 

FP236383.1, C5orf17, and HES4 (known to be involved in early developmental processes 

based on the Gene Ontology database). C5orf63, CRYAB (which codes an anti-apoptotic, 

protective small heat shock protein B5; [256]) and H1FX (H1 histone family member X; 

involved in early developmental processes in mice [257]) were reported in several EX 

subtypes. In contrast, INs presented with more subtype-specific DEGs. For example, 

ADARB2 was upregulated in several SST clusters, which is interesting, since those 

neurons are known to derive from the MGE and do not typically express ADARB2 (see 

Figure 10). Ionotropic kainite glutamate receptors 3 and 4 (GRIK3; GRIK4), which play 

key roles in mediating excitatory neurotransmission crucial for both development and 

cognitive functioning, were upregulated in the chandelier PVALB cluster. 

Thrombospondin type 1 domain containing 7A (THS7DA; involved in endothelial cell 

migration and angiogenesis, [258]), EYA transcriptional coactivator and phosphatase 4 

(EYA4; involved in cell proliferation and migration, reported to be upregulated in breast 

cancer [259]) and cadherin 9 (CDH9; involved in synaptogenesis and neurotransmission 

by mediating calcium-dependent cell-cell adhesion [260], also associated with autism 

spectrum disorder [261]) was downregulated, while heat shock protein family A member 

1 (HSP1A; involved in proteostasis and protection under stress, previously associated 

with paranoid SCH [262, 263]) was upregulated in the SST_NPY cluster. Furthermore, 

semaphorin 3C (SEMA3C; crucial for the development of cortical interneurons [264]) and 

tubulin alpha 4a (TUBA4A; involved in cytoskeleton formation) were downregulated, 

while heat shock protein family B (small) member 1 (HSPB1) was upregulated in VIP 

clusters.  

https://zenodo.org/records/6921620
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In addition to extracting DEGs in a data-driven approach, we also applied a more 

hypothesis-driven approach, directly testing a few clinically relevant, “interesting” 

transcripts (involved in GABAergic, glutamatergic, monoaminergic, or for example, 

oxytocinergic signalling; see Supplementary Figure 12/G in [160]). Intriguingly, oxytocin 

receptor mRNA (OXTR) was downregulated in SCH (p = 0.0168; n = 9 SCH/14 CTR; 

Wald test) in the SST_NPY subtype. The PVALB chandelier cluster showed significantly 

downregulated gamma-aminobutyric acid type A receptor subunit alpha1 (GABRA1) and 

glutamate ionotropic receptor NMDA type subunit 2A (GRIN2A) expression (p = 

0.00573, p = 0.0446, respectively; n = 9 SCH/14 CTR; Wald test). Similarly, several SST 

subtypes also demonstrated lower levels of GABRA1 mRNA, and a cholinergic 

neurotransmission-related gene, CHRFAM7A was markedly lower in SCH in both ID2 

and VIP subtypes, suggesting that its expression largely coincides with calretinin 

expression (Figure 12/A). This gene encodes the human-specific fusion protein 

CHRNA7–FAM7A [265], which has been previously associated with several psychiatric 

disorders [266].  

 

Figure 12. Validation of expression differences of CHRFAM7A between control (CTR) and 

schizophrenia (SCH) groups. A) Normalized expression level of CHRFAM7A based on single 

nucleus RNA sequencing data (only main interneuron groups shown; UMI stands for unique 

molecular identifier). CHRFAM7A was mainly expressed by VIP/ID2 cell types, highlighted in 

blue. B) In situ validation of CHRFAM7A (red) being expressed in calretinin protein-expressing 

neurons (green), although at very low levels, which could be expected based on the low 

normalized expression levels, shown in panel A. Scale bars represent 20 μm. C) Left: Plot 

showing no prominent difference in the proportion of layer 2 calretinin neurons co-expressing 
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CHRFAM7A mRNA in CTR and SCH DLPFC sections (n = 3/group). Right: Plot showing 

markedly lower level of CHRFAM7A in layer 2 calretinin neurons of SCH cases (n = 3/group). 

We confirmed with RNAscope that CHRFAM7A is largely expressed by CR protein- 

expressing interneurons (Figure 12/B), and that the average expression level of 

CHRFAM7A in L2 CR neurons was lower in the SCH group by 77% (Figure 12/C), 

although CHRFAM7A signal was very low, making evaluation and statistical testing 

somewhat challenging.  

4.2.3. Gene Ontology pathway analysis 

To gain insight into the functional relevance of the significant DEGs, we performed 

pathway analyses utilizing the Gene Ontology Database. The complete list of cell type-

specific GO terms can be found in Supplementary Dataset Table 2 and Supplementary 

Figures 10–11 in [160]. The most significantly downregulated pathways were associated 

to mitochondrial function (oxidative phosphorylation, mitochondrial ATP synthesis, and 

other processes linked to cellular respiration), translation, protein localization, and 

transmembrane transport (Figure 13/top panel). The cell types most strongly affected by 

such alterations belonged to VIP, PVALB, ID2, and certain EX (L4-5_FEZF2_LRRK1; 

L4_RORB_SCHLAP1_MET) clusters (Figure 13/top panel). Notably, translation-

associated pathways were downregulated in the VIP_SEMA3C and VIP_ABI3BP 

subclusters, belonging to traditional “CR interneurons” based on their CALB2 expression. 

Furthermore, genes associated with synapse organization were specifically 

downregulated in SCH in the SST_NPY cell cluster. In contrast, the most significantly 

upregulated pathways were associated with neuronal transmission (regulating 

membrane potential and ion transport, synaptic signalling) and developmental processes, 

most prominently affecting EX L5-6_FEZF2_TLE4, L2_CUX2-LAMP5_PDGFD cell 

types, and the IN ID2_LAMP5_NOS1, PVALB_SST, and ID2_NCKAP5 cell types 

(Figure 13/bottom panel).  
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Figure 13. Functional interpretation of cell type-specific differentially expressed genes in SCH. 

The x axis shows significancy (log-transformed for visual purposes); dotted line represents the 

significancy cutoff (p = 0.05 or lower after Bonferroni correction). Cell types are colour coded 

and listed on legends. Gene names can be found in the List of abbreviations. “UL” indicates 

upper-layer localization of given cell types based on Allen Brain Institute reference materials. 

Images from [160]. 
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These results suggest that many cell types, presumably organized in both local upper-

layer and wider neuronal networks are affected transcriptionally in SCH, which is most 

probably central to the mechanisms and symptoms of the condition, although such results 

must be interpreted considering potential confounding and limiting factors. Although 

many cell types are widely affected, systematic, biologically meaningful patterns seem to 

emerge, which can aid our understanding of the dysfunction present in SCH and guide 

future pharmaceutical research. 

4.2.4. Calretinin mRNA and protein expression in the DLFPC 

While we observed significantly lower L2 CR interneuron density in our histological 

analysis, the average CALB2 expression was not significantly different between groups 

according to snRNAseq data. Although we cannot directly compare IHC (visualizing 

cellular protein) and snRNAseq (capturing mRNA in the nucleus) results, this raised the 

possibility that CR neurons may be present in physiological density in SCH with a subset 

of them failing to produce detectable amounts of CR protein. To directly address this 

question, we simultaneously labelled CR protein and CALB2 mRNA on a subset of cases 

(n = 5/group) from which we had both IHC and snRNAseq results (Figure 14/A). We 

categorized neurons based on expression pattern (high, low, or no protein expression 

together with high, low or no mRNA expression), demonstrated in Figure 14/1–5. Based 

on our hypothesis, we expected more neurons in the SCH cases that only express CALB2 

mRNA, but not (or only very low levels of) CR protein. 

Further substantiating previous results, we observed lower proportion of “high protein, 

high mRNA” expressing neurons in SCH (Figure 14/right–1; p < 0.0001; n = 5/group; 

LMM with post hoc multiple comparison). In support of our hypothesis, we also revealed 

higher proportion of “low protein, high mRNA” expressing neurons (Figure 14/right–2; 

p < 0.05; n = 5/group; LMM with post hoc multiple comparison) and higher proportion 

of “no protein, only mRNA” expressing neurons in SCH (Figure 14/right–3; p < 0.001; n 

= 5/group; LMM with post hoc multiple comparison). These preliminary results support 

the notion that a subset of cortical CR interneurons may fail to express detectable levels 

of CR protein in SCH. We aim to expand the sample number up to n = 10/group and carry 

out layer-specific annotation to gain more robust statistical results. 
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 Figure 14. Patterns of calretinin mRNA and protein expression in the dorsolateral prefrontal 

cortex in control and schizophrenia cases. Left: A) Representative images of CR protein (green) 

and CALB2 mRNA (red) co-detection from a control case (scale bar represents 100 μm) and 

annotation categories based on expression patterns (1–5; scale bars represent 20 μm). On panel 

A, note that calretinin mRNA is widely present in neuronal processes too (white arrow). The 5. 

category “High protein–low/no mRNA” was very rare, only present in relevant numbers in case 

MB10. Right: Boxplots showing statistical evaluation of the percentage of respective categories 

(1–5; * represents adjusted p < 0.05; ** represents adjusted p < 0.001; *** represents adjusted 

p < 0.0001). 

A 
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5. Discussion 

During my doctoral research we revealed lower calretinin neuron density in the caudate 

nucleus and the second layer of the dorsolateral prefrontal cortex. Furthermore, we 

identified cell type-specific differentially expressed genes with single nucleus RNA 

sequencing, suggesting network-wide functional disturbances. Although CR interneurons 

have not been in the focus of SCH research, the gene encoding CR (CALB2) has been 

identified as a candidate locus by a meta-analysis of genome-wide association studies 

[267]. Moreover, interneurons, including CR interneurons, have been implicated in SCH-

related neurodevelopmental disruption in organoid models derived from SCH patient-

specific induced pluripotent stem cells (iPSCs) [268, 60], underscoring the need for 

further investigating this neuron population. 

We detected lower density of CR interneurons in the caudate nucleus in SCH. The only 

previous histological assessments of striatal interneurons in SCH revealed lower density 

of large cholinergic neurons [113, 119] in the ventral striatum. A substantial proportion 

of striatal large cholinergic neurons co-express CR (109, 113, 269). However, in our 

dataset, the observed difference was driven by the significantly lower density of small CR 

interneurons, while medium and large subtype densities did not differ significantly 

between groups. The difference was not influenced by known confounding factors such 

as age, sex, or post-mortem interval. The total analysed area was substantially larger in 

our study (∼10 cm2) than in the case of Holt and colleagues (∼2 cm2; [113]), perhaps 

making it more representative. Since CR neurons are among the most abundant 

interneuron types in the human striatum, they are important modulators of striatal activity 

and output. Therefore, the lower density of functional CR neurons could directly impact 

fronto-striatal function in SCH [112]. Measuring the density of CR interneurons in the 

putamen of the same cases as presented here, Kelmer and colleagues revealed similar 

patterns of significantly lower density of small CR interneurons [270], while medium 

spiny neuron density was found unaltered. These results may suggest that small striatal 

CR interneurons are generally affected in SCH. The consequently impaired local 

inhibition and calcium buffering could even be directly associated with the overactivated 

state of the striatum, a well-established feature of SCH.  
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We also detected lower CR interneuron density in the DLPFC (published: n = 10 SCH/ 

10 CTR [160]; unpublished: n = 15 SCH/15 CTR). This difference was driven by 

markedly lower density in a subset of cases (~ 50%). To minimize the confounding effect 

of biological and technical variables, we matched SCH and CTR cases as closely as 

possible for PMI, age, and gender, in this order of importance, because in our experience, 

PMI has the strongest confounding effect on neuronal density [160]. Lower cortical CR 

neuron density was not significantly affected by PMI, age or gender based on visual and 

statistical evaluation. Furthermore, every brain bank was represented in the lower–CR 

group. The involvement of CR neurons in SCH is intriguing because according to Hladnik 

and colleagues, this neuron class became the dominant GABAergic population in the PFC 

during primate evolution: in rodents, CR neurons represent 2-3% of all neurons, while in 

the monkey and human prefrontal cortex their proportion can extend to 15% of all neurons 

[271]. Our preliminary results of simultaneous staining of CR mRNA and protein support 

the hypothesis that cortical CR neurons are not lost in SCH, but the expression of CR 

protein is lower or lacking in a subset of neurons. This could be more reliably assessed 

by using SCH-independent markers of CR neurons; however, as the transcriptomic 

studies revealed, “CR interneurons” represent a heterogenous neuronal population, with 

no obvious, selective marker described yet. Using developmental markers can be applied 

in the case of SST/PV neurons, as they selectively express SOX6 for example [201]; 

however, CR neurons share most of their known developmental markers with other CGE-

derived populations such as neurogliaform neurons and rosehip neurons – furthermore, it 

is unclear whether the expression of LHX6 or other such markers is unchanged in SCH.   

Why haven’t previous studies detected lower CR density in the DLPFC? To my 

knowledge, 18 post-mortem human studies employed immunohistochemistry or in situ 

mRNA hybridization to assess dorsolateral prefrontal cortical interneuron density in 

SCH, of which only 9 included CR neurons [202–211] and none of them revealed well-

supported significant differences. Daviss and Lewis [202] analysed 5 SCH and 5 

matched CTR case pairs, and measured neuronal density in the DLPFC using 40 μm thick 

free-floating sections. Although the overall result did not reveal significant differences in 

CR neuron density, the case-wise density plots generously included by the authors show 

that 2 cases out of 5 demonstrated markedly lower density, and 3 had density values 

similar to their control pairs. This notion is extremely important, as it highlights the need 
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for individual evaluation, and corroborates our observation that only a subset of cases 

may demonstrate lower CR neuron density. Low sample number greatly limits this study.  

Reynolds and Beasley [203] measured CR and PV neuron density in 18 SCH and 22 

CTR cases focusing on the Ba10. The authors report significantly decreased PV neuron 

density in cortical layers III and IV along with unaltered CR neuron density. However, 

the study did not include individual results, only group averages. When within-group 

heterogeneity is so high (as stated in the article), presenting only group averages is 

insufficient: even if 30-50% cases present with low neuron density, that can be easily 

masked in the group average by the other cases with CTR-like density values. 

Furthermore, information regarding PMI was missing in 11 cases, hindering the 

evaluation of confounding effects. In our analysis, we found that PMI strongly affects 

cortical PV neuron density (or more likely, protein detectability; [173, 201]). Beasley and 

Reynolds [204] measured the density of PV, CB, and CR interneurons in the Ba9 of 15 

SCH and 15 CTR cases. The authors reported significantly lower density of PV neurons 

in layer III with a p-value of 0.049, and of CB neurons in layers II, III, and IV (p = 0.004, 

0.026, 0.031, respectively). However, both PMI and time spent in fixative was markedly 

higher in the SCH group. Interestingly, when checking correlations between neuronal 

density and PMI, the authors applied an alpha of 10% in contrast with the usually applied 

5% (which they did apply when evaluating neuronal densities). Reynolds and Beasley 

[205] investigated the Ba46 of the same cases, and detected lower PV neuron density with 

a similar approach. Here, the authors found both CR and CB neuron density as unaltered. 

Tooney and Cahl [207] measured PV, CR, and CB neuronal density in 6 SCH and 6 

CTR cases within the Ba9 and found no significant differences. Although presenting 

group averages on barplots for 6 cases is not very informative, their results suggest non-

significantly higher PV neuron density in SCH. Investigating 7 SCH and 5 CTR cases, 

Sakai and colleagues [208] found no significant overall difference in the density of PV, 

CB, or CR interneurons. However, they showed significant secondary results, such as 

lower layer 2 CB and layer 6 PV neuron density (p = 0.0007; p = 0.031, respectively) 

through somewhat complicated, estimation-based techniques. This is the only study 

where the authors classified cortical PV, CR, and CB neurons into “medium” and “large” 

morphological subtypes, which has no clear neuroanatomical basis to our knowledge, but 

it did complicate statistical evaluation, which furthermore did not account for multiple 
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comparison. Demographic data were presented only as group averages and notably, 

information regarding PMI was missing. Chung and colleagues [211] applied multiplex 

fluorescent in situ hybridization and immune co-detection to quantify excitatory synapses 

(identified by VGLUT-1 and PSD95-positivity) on the surface areas of CR and PV 

interneurons in the Ba9 of 20 SCH and 20 matched CTR cases. The authors reported 18% 

lower mean density of VGLUT1+/PSD95+ spots on PV-expressing neurons in SCH. This 

was not influenced by confounding factors, and the same patterns was not present in 

monkeys chronically exposed to haloperidol. Similar pattern was not present in CR-

immunoreactive neurons, suggesting that CR interneurons receive physiological amounts 

of excitatory synapses in SCH. Thus, the authors provided evidence for selectively 

deficient excitatory drive on PV neurons in the Ba9. Fung and colleagues [210] applied 

multiplex fluorescent in situ hybridization and western blot analyses on a large cohort (37 

SCH, 37 CTR) to assess the levels of several interneuron markers in the DLPFC during 

development and in SCH. The authors found it challenging to decide whether to exclude 

outliers, therefore presented results both with and without outliers. CALB2 mRNA was 

lower in the SCH group when the authors excluded outlier cases, but significancy was 

lost when outliers were included. Western blot analysis showed no significant difference 

in CR protein content between groups (importantly, this method may not be able to detect 

subtle layer-specific differences). Still, the authors report an intriguing pattern possibly 

contradicting our results. Hashimoto and colleagues reported that PVALB, but not 

CALB2 mRNA levels were lower in SCH compared to the CTR group [206, 209]. Strictly 

speaking, the last 4 studies may not be directly relevant since they did not assess neuronal 

density. However, the last two studies [206, 209] support our observation of no significant 

difference in CALB2 gene expression levels between CTR and SCH group in snRNAseq 

data. 

In conclusion, although several post-mortem studies quantified CR neuron density in the 

human DLPFC, most of them dismissed possible within-group patterns, and presented 

results as group averages. This may be a possible explanation of why none of the previous 

studies detected lower CR neuron density. Another interesting reason which could 

contribute to this may be the inhomogeneous distribution of CR interneurons even in 

samples from neurotypical control donors. The fewer and narrower the ROIs are, the less 

representative the measured densities will be. The range of applied cortical traverses in 



63 

 

the aforementioned studies varied from 250 to 1000 μm. The number of ROIs per slide 

varied from to 2 to 10. Although this may seem like nit-picking, results would be better 

comparable if the ROI sampling method would be more standardized. Interestingly, 

building on early observations noting abnormal cytoarchitectural patterns in the 

entorhinal cortex in SCH [272], Arnold and colleagues spatially analysed Nissl-stained 

sections (via “point-pattern analysis”) from the same region in SCH [273, 274], and found 

increased disorganization and “dead space” around layer 2 neurons, suggesting abnormal 

distribution of neurons. In our analyses, mapping the density and distribution of CR 

neurons as heatmaps also indicated potential disruption in the distribution of this neuron 

type in SCH. This notion could be further tested with cluster analysis approaches, which 

we aim to carry out in the future. Machine learning-based object detection algorithms can 

be expected to upscale and reshape the field of histology. With the aid of trained, standard 

algorithms, scientists are already able to process sections at a much larger scale with 

measurable error rates [214]. With this, it becomes possible to think and reveal patterns 

at a much larger scale, and, so to say, think outside the ROIs.   

In both brain regions, the observed lower density of CR neurons could have several 

explanations. It could result from the lower levels of CR protein without the loss of 

neurons, suggesting potential disruption of transcription and/or translation. Supporting 

this hypothesis, microRNA – crucial regulators of transcription and translation [275] – 

have been implicated in SCH [276]. However, the observed pattern could also be 

associated with lower density of CR neurons present in the tissue. For example, 

developmental disturbances may lead to fewer CR neurons maturing and integrating 

successfully into the circuitry. In support of this hypothesis, patient-derived cerebral 

organoid models showed altered CR neuron morphology, connectivity, and density in the 

SCH group [268], while patient-derived ventral forebrain organoids revealed 

pathologically accelerated maturation of inhibitory neurons in the SCH group [60]. In 

addition, even if physiological numbers of CR neurons integrate into the circuitry during 

development, the lower level of CR protein could disrupt intracellular calcium-buffering, 

which may eventually lead to neuronal degeneration on the long term [277]. Decreased 

CR protein expression could also be, hypothetically, an active neuronal response to 

certain stimuli; an adaptation to pathological conditions present in the schizophrenic brain 

[168]. A handful of interesting studies showed that the expression of SST and CR is 
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directly linked to neuronal activity in the maturing hippocampus (in rat slices; [278, 279]). 

This could also be a highly relevant factor in the case of SCH, especially during the 

development and maturation of cortical circuits.  

Applying single nucleus RNA sequencing on CTR and SCH DLPFC samples pinpointed 

a hub of network-level dysfunction in the upper cortical layers involving both inhibitory 

and excitatory subtypes [160]. Both populations demonstrated substantial transcriptomic 

burden. Interestingly, such patterns were not confirmed by Ruzicka and colleagues on a 

larger cohort of samples, where the majority of DEGs were associated with excitatory 

neurons (many previously identified as candidate genes in genetic studies, such as 

SHANK2 and NRXN3). In contrast with our results, interneuron subtypes demonstrated 

low levels of disturbance compared to excitatory cell types [161]. At this point it is 

difficult to interpret these differences. Importantly, both studies highlighted that SCH 

DEGs are targets of transcription factors already identified as SCH risk genes, and 

pinpointed cell-type specific differential expression of high-confidence SCH risk genes 

[280]. It would be interesting to integrate the data from both studies and focus on 

individual heterogeneity and potential cellular–molecular phenotypes present in SCH.  

In our study, the top upregulated biological pathways involved neurotransmission and 

neurodevelopmental processes primarily in excitatory cell types, while downregulated 

biological pathways included energy metabolism in PVALB and VIP cell types, 

translation within the VIP group (which could potentially be associated with cellular 

metabolic disturbance), and synapse organization in the SST-NPY subtype. Although this 

is usually not in the spotlight of attention, a series of studies have suggested abnormal 

energy metabolism and oxidative stress as central features of SCH [281]. For example, 

the levels of glutathione, an important intracellular antioxidant have been reported 

significantly lower in both in vivo and post-mortem experiments [282, 283]. Knockout 

mice with impaired glutathione synthesis demonstrate high oxidative stress and 

interestingly, reduced PV immunoreactivity and reductions in PV-dependent neuronal 

oscillations [284]. Accordingly, some studies reported that additional antioxidant 

treatments have been successful in improving negative and cognitive symptoms SCH 

patients [285], although other studies have not been able to confirm this [281]. It may be 

the case that antioxidant treatment is most effective before disease onset, during critical 

neurodevelopmental periods [281]. However, brain energy metabolism is also impacted 
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by antipsychotic medications; an effect often challenging to separate from the effect of 

SCH itself.  

Post-mortem human SCH research faces several important limitations. One of the most 

important general limitations is the effect of post-mortem interval; the biochemical 

changes that occur in the brain tissue after death and before fixation – along with pH 

changes, gene expression changes, protein and RNA degradation, etc. The method of 

fixation has also been shown to impact neuronal density (in the case of hippocampal CR 

neurons [286]). Interestingly, we did not reveal clear correlation between post mortem 

interval and striatal or cortical CR neuron density, even though the PMI ranged from 4.75 

to over 50 hours. This may suggest that certain CR interneuron populations are differently 

vulnerable to PMI. It may also be the case that CR protein degrades very fast in a subset 

of CR neurons and/or a subset of CR neurons degenerate very early after death, in the 

first 2-4 hours. Such vulnerability of CR neurons has been shown in the rat hippocampus 

following ischemia [287]). If this were the case, the samples included in our project may 

all be impacted by this early degeneration. Further experiments are necessary to clarify 

this question regarding the striatum and the DLPFC, involving control cases with very 

low (2-4 hours) and higher (over 8 hours) PMI; as demonstrated exemplarily on human 

hippocampus samples by Tóth and colleagues [288]). Most importantly, one must closely 

match control and diagnostic cases regarding fixation type, PMI, age, and sex to mitigate 

the potential confounding effects of these variables [201]. Another challenging limitation 

is the complex local and global effect of long-term antipsychotic medication on brain 

structure and chemistry [289]. For example, basal ganglia volume has been proposed to 

be positively correlated with antipsychotic medication [290, 123], and some studies 

reported that medication-naïve patients had lower-than-average caudate nucleus volume, 

which was normalized by antipsychotic treatment [122]. Our analysis of CN cross-

sectional areas (including 1 medication-naïve case) did not reveal differences between 

SCH and CTR cases. Antipsychotics are also known to impact fundamental cellular–

molecular functions in the brain, such as glucose metabolism [291], neurotransmission, 

and many other aspects [292]. Reliably separating the effects of antipsychotics from those 

of SCH itself remains challenging due to the scarcity of samples from medication-naïve 

SCH patients and the complex mechanisms involved [289]. In our snRNAseq study [160], 

our collaborating partners compared our data to human bulk RNA-seq data [293] and 
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clozapine/haloperidol-treated rhesus macaque [294] bulk DLPFC data to assess the 

potential effects of antipsychotics. Comparing the human antipsychotic–associated DEGs 

and macaque drug treatment–associated DEGs with the DEGs identified in our study 

resulted in only a small overlap. This indicated that the majority of DEGs found were 

likely not associated with antipsychotic treatment. Ruzicka and colleagues reported 

similar observations [161].  

Another frequent and significant limitation is the inconsistent availability of autopsy 

reports and medical history from brain banks. This can complicate the reliable assessment 

of potential confounding factors (e.g., cerebrospinal fluid pH, substance use, duration and 

nature of antipsychotic treatment), and restrict the investigation of potential correlations 

(e.g., age of onset, SCH “subtype”, symptomatology, and social environment). In the 

current state of our project with 15 SCH cases involved, we have some level of detail 

regarding the SCH diagnosis in 12 cases. Of these, paranoid SCH was noted in 7 cases, 

uncategorized chronic defect state was noted in 2 cases, while no such detail was noted 

in the other 3 cases, however, those were additionally diagnosed with various disorders 

including schizoaffective syndrome, bipolar disorder, obsessive-compulsive disorder, 

and depression. No pattern could be seen regarding CR neuron density and paranoid SCH 

diagnosis. The one completely medication-naïve case included in our study also 

demonstrated markedly lower CN and layer 2 DLPFC CR neuron density, suggesting that 

the phenomenon cannot be solely attributable to antipsychotic treatment. Cerebrospinal 

fluid pH values are known in 6 cases, from which no pattern could be seen regarding CR 

neuron density. A critical documentation gap is the frequently missing data regarding the 

hemisphere from which tissue blocks were taken, introducing an unknown confounding 

factor, particularly in light of the known functional lateralization of the DLPFC [295, 

296]. This is a rarely discussed, potentially significant factor in post-mortem SCH 

research, as in vivo studies indicate abnormal, or lack of such lateralization in SCH 

patients [297–299]. Additionally, interhemispheric differences on the cellular level have 

been shown, such as lower Betz cell density in the right primary motor cortices of patients 

with SCH [300]. The scarcity and heterogeneity of documentation is unfortunate but not 

unique to our study, and represents a major limitation and challenge in post-mortem brain 

research. 
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In conclusion, our findings indicate the involvement of CR-expressing neurons – or more 

precisely, the expression of CR protein – in SCH, and reinforce the importance of 

considering both individual and within-group heterogeneity in SCH research. CR 

interneurons represent a particularly intriguing target due to their unique evolutionary 

trajectory and functional role in cortical and striatal circuits. By combining insights from 

multi-omics, advanced histology, and patient-derived organoid models, future research 

focusing on interneurons may uncover new biomarkers and specific therapeutic targets, 

ultimately improving outcomes for patients with SCH and better understanding the 

mechanisms causing SCH.  
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6. Conclusions 

The presented results suggest that both cortical and striatal calretinin interneurons may 

be functionally disturbed in schizophrenia.  

A) In the caudate nucleus, the lower density of small, calretinin-expressing neurons 

presumably affects local calcium homeostasis, synaptic signalling, and local inhibition. 

Altogether these are expected to impact striatal activity and output, and may directly 

contribute to the disrupted fronto-striatal function in SCH. 

B) In the dorsolateral prefrontal cortex, calretinin neurons showed significantly lower 

density in layer 2 in SCH. However, this was only present in 50% of SCH cases. This, in 

line with other studies, highlights the importance of within-group heterogeneity in SCH. 

Since calretinin neurons have been shown to demonstrate disturbed maturation and 

integration into the circuitry in patient-derived cerebral organoids, it is imperative to 

further study their potential developmental disturbance in SCH. Our preliminary results 

suggest that these neurons are present in SCH, but a subset of them fail to express 

detectable levels of calretinin protein. 

C) Single nucleus RNA sequencing confirmed that many, primarily upper-layer residing 

neuron subtypes are disturbed in the DLPFC in SCH, with energy metabolism-related 

pathways primarily downregulated in GABAergic interneurons and neurotransmission-

related pathways primarily upregulated in excitatory cell types.  

Together, our results suggest that calretinin protein expression is affected in SCH, which 

could contribute to disrupted neurotransmission. Today, the integration of multi-omic 

approaches and advanced histological techniques allows for a more comprehensive 

analyses of cellular subtypes both in neurotypical control tissue and in complex 

conditions such as SCH. Revealing and targeting disturbed molecular pathways may help 

restore cellular homeostasis in vulnerable neuron populations. However, it must be noted 

that discovering and validating the cellular and molecular composition of neurotypical 

control tissue is of equal importance, as without understanding the healthy brain, we 

cannot comprehend the disturbances detected in disease. 
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7. Summary 

Schizophrenia (SCH) is a devastating neuropsychiatric disorder with poorly understood 

etiology. Despite extensive research, literature regarding underlying cell-type-specific 

alterations in SCH remains controversial. Here, we applied quantitative 

immunohistochemistry to measure the relative density of certain cell types in the 

dorsolateral prefrontal cortex (DLPFC) and the caudate nucleus (CN); single nucleus 

RNA sequencing to measure cell type specific gene expression in the DLPFC; and in situ 

mRNA hybridization to validate differentially expressed genes and further examine 

protein- and mRNA expression patterns in the DLPFC.  

The density of calretinin-expressing interneurons was lower in the caudate nucleus and 

in cortical layer 2 of the DLPFC, which was not influenced by known confounder factors. 

Single nucleus RNA sequencing conducted on a sample cohort overlapping with the 

cohort used for histology revealed network-level dysfunction in various excitatory and 

inhibitory cell types mostly localized to upper cortical layers. Cell types demonstrating 

the most profound disturbance involved transcriptomic subtypes of somatostatin, 

parvalbumin, and calretinin inhibitory neurons, and various excitatory neuron types. 

Pathway analyses of differentially expressed genes suggested disturbance in energy 

metabolism, protein biogenesis and localization primarily in inhibitory interneurons, 

while genes disturbed in excitatory neurons types were rather associated with 

neurotransmission- and development-related pathways. 

Because the sequencing did not reveal significantly lower calretinin mRNA levels in 

SCH, we applied in situ mRNA hybridization with immune co-detection to 

simoultaneously assess CR protein and mRNA levels (n = 5 CTR/5 SCH). The results 

indicated disrupted calretinin protein translation in SCH, with a higher proportion of 

neurons expressing calretinin mRNA without the protein.  

Together, our results suggest that calretinin protein expression is affected in SCH, which, 

seeing its important role in calcium buffering and calcium signalling, could contribute to 

disrupted neurotransmission. The presented evidence is intriguing, albeit modest: it 

underlines the need for better understanding of the neurochemical and functional 

properties of human cortical and striatal calretinin interneurons in both healthy and 

pathological conditions. 
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