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ABSTRACT 
Despite their low abundance, telencephalic interneurons demonstrate a great amount of 
molecular and electrophysiological heterogeneity, suggesting that they exhibit different 
functions within the circuit. Interneurons are commonly classified into distinct cell types 
based on their morphology, intrinsic electrophysiological properties, connectivity or 
molecular profile. However, it is only when combining knowledge about the aforementioned 
parameters that appropriate classification of cellular and circuit function can be achieved.   
 
In Paper I, we characterized the molecular and electrophysiological diversity of striatal 
interneurons, either using single-cell-RNA-seq (scRNA-seq) alone or in combination with 
whole-cell ex-vivo electrophysiological recordings (PatchSeq). Interestingly, unlike in other 
regions of the brain, striatal Pvalb-expressing cells did not constitute a discrete cluster, but 
was instead part of the larger group labeled with the gene Pthlh. Using PatchSeq, we were 
able to show that gradient-like differences in gene expression found within the Pthlh group, 
correlate with a continuum of electrophysiological properties. In Paper IV, we show that 
more stable readouts such as anatomical location, morphology, and long-range inputs also 
gradually differ across this molecular and electrophysiological continuum. Hence, we 
suggest that separate parts of this gradient exhibit a distinct circuit function. Upon long-term 
activation of the Pthlh population, we detected an increase in Pvalb expression within the 
most ventral part of the striatum. Thus, the gradient-like differences in gene expression that 
we observed within the Pthlh population could be caused by long-term changes in activity 
upon altered input.  
 
In Paper II, the molecular diversity of hippocampal CA1 interneurons was characterized 
using scRNA-seq. While the main clusters were clearly separated, similar to the findings of 
Paper I, many sub-clusters exhibited more of a continuum within the continents. To further 
study the biological significance of gradient-like differences in gene expression across and 
within cell types, latent factor analysis was run across all clusters, revealing a common mode 
of variation across all cell types. Interestingly, the latent factor also seemed to correlate with 
the axon target location of the corresponding cell type. This suggests that the gradient-like 
differences in gene expression are most likely reflected in distinct functions within the CA1 
circuit.  
 
In Paper III, we used a novel approach to bridge transcriptional data to neuronal phenotype 
and function. By using publicly available datasets that characterize distinct neuronal 
populations, based on gene expression, electrophysiology, and morphology, we identified 
cross-cell type correlations between these data modalities. Using multiple PatchSeq datasets, 
we showed that the gene-property correlations observed across cell types were further 
predictive of within-cell type heterogeneity.  
 
Taken together, the molecular diversity of interneurons across the telencephalon was 
observed as discrete clusters or as a continuum within and across cell types. Linking 
molecular profiles with additional parameters suggests that both continuous and discrete 
diversity likely reflects distinct functions within the circuit. 
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1.INTRODUCTION 

1.1 WHAT IS A NEURONAL CELL TYPE AND HOW IS IT CLASSIFIED? 

Nervous system function relies on the concerted effort of different kinds of neuronal 
populations. Consequently, in order to understand brain function, it is of the utmost importance 
to initially appreciate its building blocks and the connections within it. However, ever since the 
late nineteenth century, when Santiago Ramón y Cajal used Golgi staining to reveal the vast 
diversity of neuronal morphologies (Bock, 2013), scientists have discussed how to classify 
neuronal cell types, without reaching any strong consensus. Albeit vague, the most common 
definition involves neuronal function, suggesting that all neurons having the same function 
within a circuit belong to the same neuronal cell type (Poulin et al., 2016).  

To characterize neuronal function, several parameters have been used, such as morphology, 
intrinsic electrophysiological properties, connectivity, and molecular profile. However, 
appropriate classification of cellular and circuit function can only be achieved by combining 
knowledge about the aforementioned parameters (Figure 1).  

Combining multiple parameters to identify discrete neuronal cell types can similarly raise 
numerous difficulties, as it is likely that the parameters used, such as morphology, gene 
expression, and electrophysiology, only reveal a “snapshot” of the cellular phenotype. For 
instance, it is known that circuit activity and hormonal signaling affect neuronal gene 
expression (Flavell and Greenberg, 2008; Malik et al., 2014; Pfaff, 1989; Spiegel et al., 2014). 
Hence, it is important to bear in mind that some recently detected cell types could possibly be 
dynamic cell states, rather than stable cell types. For this reason, it can be argued that 
identifying discrete neuronal cell types requires the detection of parameters that remain stable 
over time. 

In addition, it is possible that some neurons cannot be clustered into discrete cell types but, 
rather exist in a continuum, where, for instance, gradient-like differences in gene expression 
can lead to a gradually exacerbated phenotype (Gokce et al., 2016). 

Different approaches to classify neurons are described in the following sections, which are 
discussed with a focus on each’s strengths and limitations. Furthermore, novel techniques that 
combine various parameters are addressed, as well as applications of these methods to describe 
striatal interneuron diversity, in comparison to other telencephalic regions.  

1.1.1 Molecular markers 
Perhaps the most established method for classifying neuronal types is by the expression of 
specific molecular markers (Rudy et al., 2011; Tepper et al., 2010). As interneurons across the 
forebrain region share some of these markers, they are thought to have similar canonical 
functions in their respective brain regions (Aoki and Pickel, 1990; Packer and Yuste, 2011; 
Rajput et al., 2012). This classification has become more detailed as novel tools to detect and 
study cells’ molecular profiles have developed. 
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Advances in immunohistochemistry combined with morphological studies have resulted in the 
discovery that hippocampal basket cells express the protein glutamic acid decarboxylase 
(GAD) and are therefore Gamma-aminobutyric acid (GABA)-ergic (Storm-Mathisen and 
Fonnum, 1971). Later, using the more advanced double-immunohistochemistry, cortical 
interneurons co-expressing Somatostatin (Sst) and Neuropeptide-Y (Npy) were discovered 
(Hendry et al., 1984a; Hendry et al., 1984b). Several studies were conducted during the 1980s 
and 1990s to further demonstrate the molecular diversity of telencephalic interneurons, by 
combining similar studies with morphology, electrophysiology and, in situ hybridization 
(Kawaguchi, 1993; Kawaguchi et al., 1995; McCormick et al., 1985; Somogyi et al., 1983).  

The development of transgenic mouse lines (Costantini and Lacy, 1981; Gordon et al., 1980; 
Wagner et al., 1981) represents one of the most significant breakthroughs within the field of 
neuroscience, as it enables the labeling and targeting of different cells, based on their 
expression of specific molecular markers (Ikawa et al., 1995; Lakso et al., 1992; Orban et al., 
1992). By selectively expressing a fluorescent protein under the promoter of the gene of 

Figure 1. Schematic showing parameters used to characterize neuronal 
identity Including developmental origin, molecular profile, intrinsic 
electrophysiological properties, connectivity, and morphology. 
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interest, scientists can carefully characterize the labeled cells’ intrinsic properties, connectivity, 
and morphology (Ibanez-Sandoval et al., 2010; Kubota et al., 2011; Taniguchi et al., 2011). 
Many of these transgenic mice led to the discovery of novel interneuron types (Ibanez-
Sandoval et al., 2011; Lee et al., 2010; Munoz-Manchado et al., 2014; Okaty et al., 2009; Oliva 
et al., 2000).  

A significant drawback of using transgenic mice is its limitation on the number of markers that 
can be simultaneously examined, which causes cell types that lack unique marker expression 
but, instead, have combinatorial marker profiles, to be undetectable. Hence, to assign cell 
types, it is crucial to detect the expression of multiple genes simultaneously. 

For this reason, the recent emergence of single-cell-RNA-sequencing (scRNA-seq), which 
allows for the quantification of gene expression in individual cells, has been central to the 
identification of novel neuronal types (Tasic et al., 2016; Zeisel et al., 2015). Some of these 
neuronal cell types were novel and others were found within the previously described groups 
labeled with one of the following canonical markers: Parvalbumin (Pvalb), Sst, Vasoactive 
intestinal peptide (Vip), or 5-Hydroxytryptamine Receptor 3A (Htr3a) (Rudy et al., 2011; 
Tepper et al., 2010). Suggesting that these markers might not be as specific at targeting unique 
cell types as was previously thought. Today, scRNA-seq is widely used and is considered to be 
by far the best option for molecularly characterizing neuronal populations. However, it is 
important to note that the readout is merely a snapshot of the cell’s molecular profile. 
Therefore, it is still unclear whether the clusters detected represent distinct cell types or 
dynamic cell states. To address this question, scientists are now trying to develop methods that 
follow gene expression over time and provide a more dynamic readout of a cell’s molecular 
code (Cai et al., 2012; La Manno et al., 2018; Li et al., 2007). 

1.1.2 Morphology  
Santiago Ramón y Cajal is often referred to as the father of modern neuroscience, due to his 
previously mentioned extensive work on characterizing neuronal morphologies in the late 
nineteenth century. This work was conducted using the Golgi staining method, named after the 
Italian anatomist by whom it was developed. Utilizing a reaction of silver nitrate and potassium 
bichromate, silver particles could be fixed to the cellular membrane, allowing a detailed 
visualization of the neuronal morphology. Using this technique, Cajal was able to characterize 
and describe a magnitude of neuronal structures and their probable connectivity (Bock, 2013). 
These findings were of major importance as a neuron’s morphology, in many ways, defines its 
function. This, since the axonal and dendritic arborization, has a significant influence on the 
extent and specificity of the neuron’s synaptic connectivity (Jiang et al., 2015; Young et al., 
1994). In addition, diversity in neuronal morphologies enables synaptic connections to form 
onto distinct parts of the target cell, ranging from the soma to the distal dendrites.  

Today, neuronal morphologies can be acquired using a wide range of methods, including 
fluorescence induction via viral vectors and neurobiotin labeling upon whole-cell 
electrophysiological recordings (Parekh and Ascoli, 2013). The development of transgenic 
mice, as previously discussed, facilitated more specific targeting of neuronal types of interest 
(Taniguchi et al., 2011).  
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1.1.3 Connectivity 
A crucial aspect to understand network function is to decipher the connectivity between 
neurons, both within a local circuit and in terms of the long-range input they receive. Together, 
these distinct types of connectivity drive the circuit and shape its output. Despite giving some 
clues, morphological studies of individual cells can never provide precise answers regarding 
neuronal connectivity. 

The development of retrograde tracing, using a genetically modified rabies virus, 
revolutionized neuronal tracing. Theoretically, this enabled detection of monosynaptic 
connectivity, which has been shown particularly useful in the study of long-ranging inputs 
(Wickersham et al., 2007a; Wickersham et al., 2007b). In addition, despite being a retrograde 
virus, scientists have recently been able to genetically modify rabies virus, enabling it to also 
spread in an anterograde manner (Wickersham et al., 2007a) and thereby allowing 
identification of projections from the starter cell (Rowland et al., 2013; Wickersham et al., 
2013). Nevertheless, rabies virus has been shown to exhibit substantial neurotoxicity, when 
expressed during prolonged periods (Burns et al., 1993). Additionally, the field has recently 
seen debates about whether the claimed synaptic specificity of the rabies virus actually holds 
true. This is due to recent studies that show little overlap between rabies virus tracing results 
and functional readouts, indicating a non-synaptic spread of the virus (DeNardo et al., 2015; 
Wall et al., 2016; Yetman et al., 2019).  

In light of this finding, it has become particularly important to functionally and quantitatively 
validate any anatomically defined synaptic connections. This can be achieved in numerous 
ways, including electrical or optogenetic activation of potential local or long-range input, 
followed by electrophysiological recordings or calcium imaging. If the stimulus results in a 
well-timed response in the postsynaptic cell, it can be assumed that the hypothesized 
connection is accurate (Kim et al., 2017; Monteiro et al., 2018).   

Other non-viral techniques are also widely used for tracing experiments, such as retrobeads, 
which are small latex beads that are coupled with fluorescent dyes that retrogradely diffuse 
across synapses (Honig and Hume, 1989; Katz and Iarovici, 1990). Despite lacking in cell 
type-specificity, beads require a much shorter incubation time upon injection, compared to 
rabies virus, and show no toxicity.  

1.1.4 Intrinsic electrophysiological properties 
Electrophysiology allows the measurement of changes in electrical properties within neuronal 
cells. These electrical properties are involved in many different functions, such as conveying 
information throughout neuronal networks.  

Neurons can be described as electrical equivalent circuits, comprising of a combination of 
resistors and capacitors. The cell membrane separates ions in the extracellular space from 
charged proteins within the cell. However, the membrane also contains channels that 
selectively allow ions to pass, thus contributing to a less insulated membrane and reducing its 
otherwise high resistance (Fried, 1965; Soler-Llavina et al., 2003). Ultimately, these 
fluctuations in ion concentrations across the membrane result in an electrical potential, causing 
the electrogenic nature of neurons.  
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The repertoire of ion channels on the neuronal membrane greatly influences 
electrophysiological properties, as it allows the cell to respond differently to stimuli and, 
consequently, to exhibit distinct functions within a circuit. Hence, electrophysiology can be 
used to study neuronal diversity, where distinct neuronal types are classified based on their 
unique firing properties. Interestingly, despite their relatively low number (15–20% of the 
cortical and 5% of the striatal neuronal population), interneurons exhibit greater 
electrophysiological heterogeneity throughout the telencephalon, in comparison to principal 
neurons (Ibanez-Sandoval et al., 2010; Lee et al., 2010; Markram et al., 2004; Munoz-
Manchado et al., 2014; Tepper et al., 2018; Tepper et al., 2010).  

Electrophysiological recordings were first performed in the 1660s by electrically triggering a 
neuromuscular contraction in frog legs and measuring the response via syringe movement 
(Cobb, 2002). However, experimental support for the electrogenic nature of neurons only came 
later, at the end of the eighteenth century when Luigi Galvani used a similar setup to 
demonstrate the first action potential propagation and the relationship between stimulus 
intensity and extent of muscle contraction (Verkhratsky et al., 2006). Despite this 
breakthrough, only later did the German chemist Walter Nernst apply this novel information to 
discover that neuronal excitability was mediated by changes in ion concentrations across the 
semi-permeable cell membrane (Burke et al., 2001). Later, in the 1950s, Hodgkin and Huxley 
discovered the underlying mechanism behind threshold excitation by performing voltage-
clamp recordings on giant squid axons, illustrating that a certain membrane potential must be 
reached for the cell to elicit an action potential (Monfredi et al., 2010).  

Despite the development of various techniques measuring neuronal activity with substantially 
higher throughput, whole-cell electrophysiological recordings are still one of the cornerstones 
of modern neuroscience research. This is mainly due to its high specificity and resolution, 
which enable detection of changes in electrical currents or potentials, at the level of individual 
cells or even ion channels. Today, as previously mentioned, electophysiological recordings 
exist in a plethora of variations: it can be conducted in transgenic mice and combined with 
modern techniques, such as optogenetics and scRNA-seq, to increase the specificity and 
throughput. In addition, it is used in a wide range of experimental models, ranging from cell 
cultures to awake behaving animals, depending on the type of information sought.  

1.1.5 Developmental origin  
There is increasing evidence that neurons with distinct developmental origin give rise to non-
overlapping neuronal populations (Lee et al., 2010). Thus, understanding molecular signaling 
at neuronal birth, which drives the specification of cellular identity and their function upon 
circuit formation, is a major goal in neuroscience. A combination of both intrinsic signaling 
and environmental input has been shown to be essential for migration, selection of final 
destination, morphogenesis, and synaptogenesis, all of which are crucial aspects for neuronal 
specification. Furthermore, numerous transcription factors and epigenetic modifications have 
been heavily associated with cell fate (Anderson et al., 1997; Butt et al., 2008; Marin et al., 
2003). Recent studies support a large extent of circuit influence on cellular identity, showing 
that interneurons from the same lineage do not necessarily migrate to the same final 
destination. Instead, they can end up occupying regions of the brain that are not only distinct, 
but also distant, and develop into separate types of interneurons (Harwell et al., 2015; Mayer et 
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al., 2015). It is, however, still unclear to what extent circuit input influences molecular profiles, 
and ultimately, cellular identity. 

1.1.6 Combinational approaches  
The importance of combining readouts from different parameters has become increasingly 
evident, in order to reach a comprehensive picture of cell type classification and, subsequently, 
also neuronal function. 

One of the earliest combinatorial approaches involved linking whole-cell PatchClamp 
recordings with morphological studies. This was achieved by filling the cell with neurobiotin 
while recording. Subsequent morphological reconstruction was then performed using chemical 
DAB staining (Young et al., 1994). Later, researchers started to perform posthoc 
immunohistochemistry, facilitating molecular identification of recorded cells, despite recording 
blindly (Hamill et al., 1991). This approach was, however, extremely time-consuming, 
particularly when studying proportionally smaller neuronal populations, such as interneurons. 
Hence, only upon the establishment of transgenic mice, cell type-specific recordings could be 
performed with a considerably higher throughput (Nolte et al., 2001; Suter et al., 2000). 
Transgenic mice, expressing Cre under a specific promoter (Lakso et al., 1992; Orban et al., 
1992), have also allowed cell type-specific administration of viral constructs prior to recording 
(Taniguchi et al., 2011), enabling light-induced modulation of neuronal activity in a cell type-
specific manner (Boyden et al., 2005).  

In order for the field to progress, it is essential to apply combinatorial approaches to emerging 
high-throughput techniques, such as scRNA-seq. Recent developments include PatchSeq, 
where researchers perform RNA sequencing upon whole-cell PatchClamp recordings, and 
potentially subsequent morphological reconstruction (Cadwell et al., 2016; Foldy et al., 2016; 
Fuzik et al., 2016). This method is a powerful tool for classifying neuronal subtypes, as the 
readout includes the molecular, electrophysiological, and possibly also the morphological 
profile from the same cell (Figure 2).  

Figure 2. Schematic depicting how distinct methods can be combined to investigate 
neuronal diversity Including PatchClamp in combination with anatomical reconstructions and 
single-cell-RNA-seq alone or in combination with PatchClamp (PatchSeq). 
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Nevertheless, it is important to note that the quality of the sequencing is inferior to scRNA-seq, 
due to technical limitations and sampling variability, Hence, a corresponding scRNA-seq 
dataset, with higher quality, should be used as a template to attain proper molecular 
classification of PatchSeq cells (Cadwell et al., 2019; Fuzik et al., 2016).  

1.2 INTERNEURON DIVERSITY IN THE DORSAL STRIATUM  
The basal ganglia are involved in a range of functions, such as memory, planning, cognitive 
functions, and selection of motor sequences (Haber, 2003). Together with the cortex and 
thalamus, the basal ganglia create a sensory-motor loop, but can also directly activate premotor 
nuclei (Haber and Calzavara, 2009). The striatum is the primary input structure of the basal 
ganglia and receives excitatory inputs from the cortex and the thalamus onto its predominantly 
inhibitory cells (Cowan and Powell, 1966; Ding et al., 2010; Smeal et al., 2007). In addition to 
glutamatergic excitation, the striatum receives modulatory dopaminergic input from the 
substantia nigra pars compacta (Hattori et al., 1991) and ventral tegmental area (Maurin et al., 
1999), as well as serotonergic input from the dorsal raphe nucleus (Parent et al., 1981). 
Additionally, acetylcholine and GABA are locally released by distinct interneuron populations 
within the striatal circuitry (Kawaguchi, 1993; Woolf and Butcher, 1981). 

Figure 3. Schematic representation the main subtypes of striatal neurons and their 
local connectivity Including SPNs (D1/D2), cholinergic (ChAT) and several different 
types of GABAergic interneurons (Sst, Th, Pvalb, Calb2 and NGF). Connectivity matrix 
is adapted from (Assous and Tepper, 2019b).   
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Unlike other telencephalic structures, the striatum is almost entirely composed of GABAergic 
neurons. The vast majority of these are spiny projecting neurons (SPNs), which account for 
95% of the striatal neuronal population. These neurons are also the major output cells from the 
striatum (Graveland and DiFiglia, 1985). The remaining 5% of the neuronal population 
includes cholinergic and several different subtypes of GABAergic interneurons (Kawaguchi, 
1993). Striatal GABAergic interneuron populations have, until now, only been characterized 
by their molecular marker expression coupled to electrophysiology (Tepper et al., 2018). The 
most recognized subtypes are described in the following sections.  

1.2.1 Pvalb-expressing interneurons  
Pvalb-expressing interneurons are found throughout the telencephalon, including in the 
striatum, cortex, and hippocampus. Electrophysiologically, the vast majority exhibit a unique 
high-frequency firing pattern with minimal adaptation, which is enabled by short action 
potential (AP) half-width and rapid afterhyperpolarization (AHP). As they exhibit a rather 
hyperpolarized resting membrane potential (RMP) and a low input resistance (50-150 MΩ), 
these neurons require a substantial current injection to reach their firing threshold (Kawaguchi, 
1993; Tepper et al., 2010), and therefore exhibit a strong circuit inhibition in an “all or none” 
manner. This fast-spiking (FS) phenotype is thought to be preserved in all Pvalb-expressing 
cells across the telencephalon (Kaiser et al., 2016). However, other features seem to differ, 
both within and across brain regions, such as morphology and connectivity (Kawaguchi, 1993; 
Koos and Tepper, 2002; Planert et al., 2010; Szydlowski et al., 2013). 

All the striatal and a major part of the cortical Pvalb-expressing cells are morphologically 
characterized as “basket cells”, which exhibit strong somatic inhibition, due to their 
electrophysiological properties and their unique basket-like morphology that wraps around the 
soma of the target cell (Markram et al., 2004). While the cortical and hippocampal Pvalb-
expressing interneuron repertoire also comprises axon-targeting “chandelier cells”, named after 
their distinct candelabrum-like shape (Inan and Anderson, 2014; Soriano et al., 1989), none 
have yet been detected in the striatum.  

Despite sharing the same overall fast-spiking phenotype, smaller electrophysiological 
diversities have been detected in striatal Pvalb-expressing cells. These mainly divide the 
population into continuous firing cells and “shuttering” cells that exhibit short trains of APs 
separated by subthreshold oscillations upon depolarization (Bracci et al., 2003; Kawaguchi, 
1993; Koos and Tepper, 1999). It is as yet unknown if these differences reflect different cell 
states, rather than discrete cell types. Interestingly, continuously firing cells were only detected 
in studies using the bacterial artificial chromosome (BAC) transgenic mouse PvalbEGFP 

(Freiman et al., 2006), which suggests that they do not necessarily express Pvalb. Recently, 
two functionally distinct Pvalb-expressing cells have been detected in rats and primates, which 
are characterized by the presence or absence of the calcium modulator Secretagogin (Scgn). 
These cells were shown to target distinct populations of SPNs, promoting feedforward 
inhibition to either the direct or indirect pathway in a selective manner (Garas et al., 2016).  
 
Pvalb-expressing cells across the telencephalon are electrically coupled to each other through 
gap junctions (Hjorth et al., 2009; Koos and Tepper, 1999) and are involved in feed-forward 
inhibition (Gittis et al., 2010). In most cortical regions, Pvalb-expressing cells generally 
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exhibit synaptic connections with the majority of the surrounding neurons (Avermann et al., 
2012; Cruikshank et al., 2010; Gittis et al., 2010; Packer and Yuste, 2011; Staiger et al., 
1997). However, in the striatum, this connectivity is limited to SPNs (Koos and Tepper, 
1999, 2002), and only sparsely to low-threshold-spiking (LTS) cells (Szydlowski et al., 
2013) (Figure 3).  

1.2.3 Sst/Npy-expressing interneurons 
Striatal Sst/Npy-expressing cells are electrophysiologically characterized as LTS cells, as they 
fire AP at a relatively hyperpolarized membrane potential, which is mediated by depolarization 
via T-type calcium channels (Wang et al., 1991). 

In addition, they exhibit high input resistance (>600 MΩ), depolarized resting membrane 
potential, long AP duration, and rebound firing following strong hyperpolarization (Ibanez-
Sandoval et al., 2011; Tepper et al., 2010). Furthermore, Sst-expressing cells are the only 
striatal interneurons, together with cholinergic (Chat-expressing) cells, that exhibit 
spontaneous tonic activity (Tepper et al., 2010). 

Cortical Sst-expressing cells appear to be morphologically diverse and biased to specific layers 
(Ma et al., 2006), in accordance with their molecular heterogeneity (Tasic et al., 2016; Tasic et 
al., 2018; Zeisel et al., 2015). However, only one type of Sst-expressing cell morphology has 
been detected in the striatum, displaying a sparse dendritic and local axonal branching 
(Karagiannis et al., 2009; Kawaguchi et al., 1995). Their axonal arborization is unique and 
usually comprises of two long, straight, sparsely branching axons that extend from opposite 
directions of the soma (Ibanez-Sandoval et al., 2011; Kawaguchi, 1993). In addition, some of 
these axons are myelinated (DiFiglia and Aronin, 1982).  

The afferent connectivity of striatal Sst-expressing cells consists of dopaminergic and 
cholinergic input onto their proximal dendrites (Kubota et al., 1988; Vuillet et al., 1992; Vuillet 
et al., 1989a; Vuillet et al., 1989b) and weak cortical glutamatergic input onto their distal 
dendrites (Gittis et al., 2010; Partridge et al., 2009). However, unlike FS- and NGF-cells, as 
well as Chat- and Th-expressing cells, striatal Sst-expressing cells do not receive input from the 
Parafascicular thalamic nucleus (PfN) (Assous et al., 2017; Assous and Tepper, 2019b). 

Although weak, the main efferent targets of this interneuron population are projections to distal 
dendrites of SPNs (Gittis et al., 2010; Partridge et al., 2009) and onto Chat-expressing cells 
(Straub et al., 2016) (Figure 3). In accordance with these findings, and the fact that the Sst-
expressing interneurons express GABA and GAD in lower levels than other GABAergic 
interneurons, it has been hypothesized that GABA may not be their primary neurotransmitter. 
Instead, they might act mainly through neuromodulators, such as SST, NPY, and n-NOS 
(Lopez-Huerta et al., 2008).   

1.2.4 Npy-positive, Sst-negative Neurogliaform cells  
The small dendrite-targeting Sst-negative Npy-expressing Neurogliaform (NGF) cells can be 
found in the cortex, hippocampus, and striatum. They are mainly characterized by their unique 
morphology, comprising of a symmetrically round, aspiny, and rarely branched dendritic 
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distribution. The axonal arborization, conversely, comprises thin and extensively branched 
axons (Karagiannis et al., 2009; Lacaille and Schwartzkroin, 1988).  

Electrophysiologically, they usually exhibit a late-spiking (LS) and non-accommodating 
regular firing pattern and, unlike Sst-expressing cells, they have low input resistance (140 MΩ) 
and a hyperpolarized RMP (-88 mV) (Ibanez-Sandoval et al., 2011). Despite efforts, the 
molecular profile of NGF cells remains unclear (Karagiannis et al., 2009; Munoz-Manchado et 
al., 2014), making it difficult to target them selectively with transgenic mice. However, paired 
recordings in NPYEGFP animals show that the striatal NGF cells are strongly connected to SPNs 
and Chat-expressing cells (Figure 3) via slow GABAA-mediated inhibitory postsynaptic 
currents (IPSCs) (English et al., 2012; Ibanez-Sandoval et al., 2011), similar to, as previously 
described in their hippocampal and cortical counterparts (Bacci et al., 2002; Karagiannis et al., 
2009).  

1.2.5 Calb2-expressing cells   
As no transgenic mice have yet successfully labeled the striatal Calretinin or Calb2-
expressing interneurons, knowledge of this cell type is limited. Morphological studies in both 
rats and mice describe three different types of morphologies within the Calb2-population. All 
are medium-sized and aspiny, with varying soma sizes (Prensa et al., 1998; Rymar et al., 
2004; Schlosser et al., 1999; Wu and Parent, 2000). However, the electrophysiological 
properties and connectivity of this interneuron type remain unknown (Tepper et al., 2010).  

1.2.6 Th-expressing interneurons  
Striatal interneurons expressing the gene Tyrosine Hydroxylase (Th) exhibit heterogeneous 
firing patterns and can, therefore, be divided into four distinct subtypes (Types I–IV), with 
great variability in input resistance, maximal firing rate, spontaneous activity and action 
potential waveform (Ibanez-Sandoval et al., 2010).  

The most abundant subtype, Type I, is characterized by their high input resistance, wide AP 
half-width and depolarized membrane potential, as well as its Ih dependent sag. Some also 
exhibit long-lasting L-type Ca2+ channel-dependent plateau potentials and spontaneous 
activity. In terms of morphology, this is the only subtype of the Th-expressing interneurons that 
is partly comprised of cells with spine-like processes . Type II cells, conversely, are 
distinguishable by their high-frequency firing, consequently shorter AP half-width, and deeper 
AHP. However, their higher input resistance and spontaneous activity differentiate them from 
Pvalb-expressing FS cells . The rarest population, Type III, is characterized by its 
hyperpolarized RMP, adaptation, and low input resistance . Finally, Type IV cells exhibit a 
bursting low threshold phenotype, similar to the Sst-expressing LTS. However, unlike LTS, 
they have a lower input resistance and shorter AP half-width (Ibanez-Sandoval et al., 2010).  

Within the local circuitry, striatal Thcre positive cells have been shown to specifically inhibit 
SPNs, as well as, Chat- and Sst-expressing interneurons (Assous et al., 2017). In addition, 
they receive local cholinergic innervation from surrounding Chat-cells (Assous and Tepper, 
2019a) (Figure 3).     
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Due to their Th and Vmat-1 expression, it was suspected that these cells could, in addition to 
being GABAergic, act as an intrinsic source of dopamine in dopamine deficient states, such as 
Parkinson’s disease (PD) (Huot et al., 2008; Huot et al., 2007). However, this hypothesis was 
later rejected by the same authors, who showed that optogenetic activation of Th cells does not 
cause dopamine release in either wild-type mice or PD models (Xenias et al., 2015).   

Within telencephalic structures, Th-expressing interneurons were initially thought to be 
unique to the striatum (Ibanez-Sandoval et al., 2010; Zeisel et al., 2015). However, later 
studies have shown that there is a small subtype of cortical Sst-expressing cells that co-
express Th (Tasic et al., 2016; Tasic et al., 2018). The cortical Th-expressing interneurons 
are, however, molecularly distinct from their striatal counterpart, which do not express Sst.  

1.2.7 Htr3a-expressing interneurons 
Recently, a large group of striatal interneurons was identified using the transgenic mouse 
5HT3aEGFP, labeling cells that express the ionotropic serotonin receptor Htr3a (Munoz-
Manchado et al., 2014). This population accounts for roughly 30% of the striatal interneuron 
populations. In spite of this, the majority of the labeled neurons do not overlap with 
previously described interneuron markers, with the exception of Pvalb, which is co-
expressed in around 20% of the Htr3a-expressing cells and a small proportion of Th co-
expression (2.5%).  
 
This population is very diverse, electrophysiologically speaking, as it includes cells with FS, 
LS, and a heterogeneous LTS pattern. Interestingly, the LTS population does not co-express 
Sst, Npy, or Nos1. The LTS and putative LS/NGF cells within the Htr3a population share 
similar electrophysiological properties to previously described Npy+ LTS and LS/NGF cells. 
However, unlike previously described Sst+ LTS cells, Htr3a-expressing LTS are strongly 
affected by nicotine administration. Hence, making them a putative candidate for the 
unknown GABAergic source mediating synchronous firing of cholinergic cells via nAChRs 
(Sullivan et al., 2008). This is of great interest, as it has been shown that synchronous firing 
of cholinergic cells induces dopamine release (Threlfell et al., 2012), making this cell type a 
potential regulator of local dopamine release. This pharmacological discrepancy to Sst+ LTS 
cells, in combination with the Th co-expression, suggests that the LTS population labeled by 
the 5HT3aEGFP mouse, instead likely, at least partially represents the Th+ LTS cells (Ibanez-
Sandoval et al., 2010).    
 
Distinct striatal interneuron populations were labeled using another BAC transgenic mouse, 
expressing Cre under the control of the same promoter (Htr3a-cre). These include the 
electrophysiologically characterized “fast-adapting interneurons” (Faust et al., 2015) and the 
“spontaneously active bursty interneurons” (Assous et al., 2018). In addition, higher levels of 
Pvalb-expressing cells were detected in the Htr3a-cre (75%), in comparison to the 
5HT3aEGFP mouse (20%) (Faust et al., 2015; Munoz-Manchado et al., 2014). 

1.3 INTERNEURONS IN OTHER TELENCEPHALIC AREAS 

The diversity of cortical and hippocampal interneurons has been more extensively studied 
than striatal interneurons. Proportionally, the number of interneurons is greater in the rodent 



 

12 

cortex and hippocampus than the striatum, with 15–20% and 5%, respectively (Beaulieu, 
1993; Bezaire and Soltesz, 2013; Graveland and DiFiglia, 1985). They also exhibit a 
substantially larger extent of molecular heterogeneity, which is reflected in a larger number 
of discrete cell types (Klausberger and Somogyi, 2008; Märtin, 2019; Munoz-Manchado et al., 
2014; Pelkey et al., 2017; Tasic et al., 2016; Tasic et al., 2018; Zeisel et al., 2018; Zeisel et al., 
2015). Moreover, interneurons within the cortex and the hippocampus exhibit an additional 
level of complexity. Both structures are divided in a layer-wise manner, which receive and 
convey distinct types of input and output, and, therefore, also require distinct functional 
properties that are reflected in their molecular code (Klausberger and Somogyi, 2008; Pelkey et 
al., 2017; Tasic et al., 2018; Tricoire et al., 2010).  

1.3.1 Cortical interneurons 
Cortical interneurons can largely be divided into three main molecular groups, characterized 
by the expression of the following markers: Pvalb, Sst, and Htr3a (comprising of both Vip+ 
and Vip- cells). Unlike in the striatum, these markers are expressed in a non-overlapping 
manner (Munoz-Manchado et al., 2014; Rudy et al., 2011; Tremblay et al., 2016).  

In addition, due to the vast complexity of molecular profiles, these larger interneuron 
classes can be further subdivided into discrete interneuron subtypes. Despite sharing the 
expression of the same main markers, these subtypes diverge in their detailed molecular 
code (Tasic et al., 2016; Tasic et al., 2018; Zeisel et al., 2018; Zeisel et al., 2015). The one-
to-one correlation of the gene-property relationship is yet to be completely determined. 
However, it is clear that these interneuron subtypes are more or less layer-specific, and 
exhibit different morphological profiles (Jiang et al., 2015). Hence, they are likely to have 
distinct circuit functions (Cadwell et al., 2016; Fuzik et al., 2016; He et al., 2016; Lee et 
al., 2010; Munoz et al., 2017; Schuman et al., 2019).  

1.3.2 CA1 Hippocampal interneurons 
The CA1 hippocampal interneuron repertoire resembles the cortical one to a great extent. One 
of the earlier scRNA-seq studies performed on the S1 cortex and CA1 hippocampus revealed 
that the majority of the 16 interneurons clusters that were identified were found within both 
brain regions. Nevertheless, there were two region-specific subtypes, including the S1-
confined Int10 (Vip/Penk/Calb2/Crh) and the CA1 specific Int13 (Lhx6/Reln/Gabrd) (Zeisel et 
al., 2015). The latter likely comprises of the well-characterized MGE-derived NGF and Ivy 
cells (Pelkey et al., 2017; Tricoire et al., 2010). This subtype was, however, later detected, 
with a greater sampling size in the primary visual cortex and the anterior lateral motor cortex 
(Tasic et al., 2016; Tasic et al., 2018) 

1.3.3 Developmental origin of telencephalic interneurons  
During development, telencephalic interneurons arise from the ventrally located ganglionic 
eminences (GE) (Anderson et al., 1997) and are usually divided into a caudal, medial, and 
lateral part (CGE, MGE, and LGE respectively). After the last cell division, interneurons from 
these areas migrate through different pathways to reach their final destination (Guo and Anton, 
2014). There is increasing evidence that the MGE, LGE, and CGE give rise to non-overlapping 
neuronal populations (Lee et al., 2010). While interneurons migrate dorsally to the cortex and 
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caudally to the hippocampus from both MGE and CGE, none of the interneurons migrating 
ventrolaterally to the striatum have been proven to be derived from the CGE (Figure 4) (Gittis 
et al., 2010; Marin et al., 2000).  

Cell fate is determined by a complicated interplay of transcription factors and epigenetic 
modifications, causing interneurons to differentiate, migrate, and populate different parts of the 
forebrain (Marin et al., 2003). Some of the critical transcription factors that have been 
implicated in cell fate determination of MGE derived cells are Nkx2.1, Lhx6, Dlx1/2, Mash1, 
and Sox6. Knocking out these genes has been shown to greatly perturb cell fate (Batista-Brito 
et al., 2009; Butt et al., 2008; Marin et al., 2000; Sandberg et al., 2016).  

 

1.3.4 Conclusion in comparison of cortical and striatal interneurons  
Many canonical circuits, as well as marker-based neuronal populations, are shared across 
cortical and striatal circuits. However, unlike the cortex and hippocampus, which are mainly 
excitatory structures, the vast majority of the striatal neurons are inhibitory (Kawaguchi, 1993). 
Hence, despite sharing developmental origin, the striatal interneuron repertoire is thought to be 
functionally distinct and less diverse than the cortical and hippocampal populations (Figure 4). 

It is yet to be discovered if the lack of striatal diversity is due to less extensive research being 
conducted in the striatal field or because the striatum truly comprises of a smaller number of 
distinct cell types. Organized efforts to standardize neuronal nomenclature have not yet been 
successful (Petilla Interneuron Nomenclature et al., 2008).  

Additional explanations of the discrepancies seen between cortical and striatal interneuron 
diversity include the possibility that the striatum and cortex develop at different rates, causing 
them to have distinct interneuron repertoires that converge over time. Finally, evolutionarily 
speaking, the striatum is an older structure, and might, therefore, comprise of less intricate or 
specialized circuits, resulting in a less diverse interneuron repertoire.  

 
Figure 4. 
Developmental 
origin of cortical 
and striatal 
interneurons On 
the left hemisphere, 
the percentage of 
excitatory cells 
shown in yellow 
and inhibitory cells 
in blue. On the 
right hemisphere, 
the proportion of 
MGE and CGE 
derived cells in red 
and green 
respectively.  
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Interneurons in a distinct neuronal circuit can likely achieve the same canonical function, 
despite their diverging molecular profiles. Hence, to be able to characterize them in an accurate 
way, both commonalities and differences have to be taken into account. Thus, there is no doubt 
that more research is needed to understand the transcriptome and connectome of interneurons 
across brain regions.  
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2. AIMS 
The overall aim of this thesis was to investigate interneuron diversity within distinct regions of 
the telencephalon. Research was conducted with a particular focus on combining molecular 
and electrophysiological readouts, in order to attain a more comprehensive picture of cell type 
diversity, as well as a stronger cue for circuit function.  

- In Paper I we used scRNA-seq and PatchSeq to determine the interneuron 
composition of the dorsal striatum, and compared it to their cortical counterparts. 

- In Paper II we dissected the interneuron heterogeneity of the Hippocampal CA1 
region using scRNA-seq. 

- In Paper III we linked multiple scRNA-seq, electrophysiological, and morphological 
datasets, in order to identify gene-property correlations, which were later validated 
using PatchSeq. 

- Finally, in Paper IV we further characterized the morphology, electrophysiology, 
and long-range input onto the striatal Pthlh population detected in Paper I. 
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3. RESULT AND DISCUSSION 
This segment focuses on subjects that were not widely discussed in the original manuscripts, 
but that are particularly noteworthy or interesting. In order to bridge information presented in 
the various papers included in this thesis, and to gain an overarching perspective on these 
topics, the majority of these subjects are formulated from a combination of Paper I–Paper IV.  

3.1 DIFFERENCES AND SIMILARITIES IN INTERNEURON POPULATIONS 
ACROSS TELENCEPHALIC REGIONS  

As described in the introduction, telencephalic interneurons share developmental origin and are 
thought to exhibit canonical circuit functions. Nevertheless, Paper I, Paper II and Paper III 
identified both differences and similarities within interneuron repertoires across telencephalic 
regions. 

 

One apparent discrepancy is the number of clusters detected within distinct brain regions. We 
identify a substantially lower amount of discrete cell types within the striatum in comparison to 
the CA1 or S1 cortex, suggesting less molecular diversity within the striatal interneuron 
repertoire. The large difference to the CA1 dataset might be explained by technical biases, 
including distinct sequencing methods, clustering algorithms, and sample size. However, a 
substantial difference was still present when comparing our striatal dataset with a previously 
published S1 cortical and CA1 hippocampal dataset (Zeisel et al., 2015) in Paper I, which was 
collected and sequenced using the same methods and analyzed using the same cluster 

 
Figure 5. Comparing molecular profiles of striatal interneurons with their cortical and 
hippocampal counterparts (A) t-SNE of most differentially expressed genes of striatal and 
cortical-hippocampal interneurons. (B) Hierarchical clustering of the same cell populations shown 
in (A). (C) Differentially expressed genes in striatal and cortical Pvalb-expressing cells. Adapted 
from Paper I. 
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algorithms (Figure 5). In this analysis, further heterogeneity within the discrete clusters, such 
as gradient-like differences in gene expression, was overlooked. Hence, cellular diversity in the 
striatum may be arranged in a less discrete manner, compared to other telencephalic regions.  

Nonetheless, some gene-property correlations detected in Paper III were preserved across 
analogue cell types in distinct brain regions (Figure 7), suggesting that certain aspects of 
intrinsic properties are governed by similar gene expression, independent of the brain region.  

From an evolutionary standpoint, the striatum is an older structure and might, therefore, 
comprise less intricate or specialized circuits. Hence, this might explain the lack of striatal 
interneuron diversity. Interestingly, this theory is supported by a recent single-nucleus RNA-
sequencing (snRNA-seq) study, which revealed that the higher number of cell types in the 
cortex, in comparison to the striatum also holds true in primates (Krienen et al., 2019). 

The most interesting finding in Paper I was that, unlike in other telencephalic regions, Pvalb-
expressing cells in the striatum did not constitute a discrete cluster, but was instead part of a 
larger group labeled with the gene Pthlh. In addition, substantial differences in gene expression 
and smaller discrepancies in intrinsic properties were detected between striatal Pvalb-
expressing cells and their cortical counterpart (Figure 5). Although Pvalb-expressing cells 
across the telencephalon are thought to share the same developmental origin and exhibit similar 
circuit function, this finding is not too surprising, as their circuit environments are 
fundamentally distinct. While the cortex and hippocampus are mainly excitatory structures, the 
vast majority of striatal neurons are inhibitory (Kawaguchi, 1993). Hence, this suggests that 
despite having similar circuit functions, Pvalb-expressing cells across telencephalic regions 
require distinct properties to adjust and function appropriately within their environment.  

Nevertheless, the way these distinct identities arise it is still unclear; specifically, if they are 
predetermined and guided by diverging molecular codes during development or if they arise 
upon circuit integration into these two very distinct circuits. However, this “chicken and egg” 
question can, unfortunately, only be answered using advanced transplantation studies.  

3.2 GRADIENTS: CORRELATION VERSUS CAUSALITY 

Molecular diversity across neurons is often described and classified as discrete cell types. 
However, many recent studies show gradients of gene expression within and across these cell 
types, explaining an additional variability that was earlier overlooked using traditional 
clustering algorithms (Gokce et al., 2016; Hodge et al., 2018; Märtin, 2019).  

In both Paper I and Paper II, we detected molecular gradients by reducing the variability of 
gene expression into one variable, using latent factor analysis. In Paper II, this analysis was 
performed on the entire CA1 dataset and a previously published V1 cortex dataset (Tasic et al., 
2016), revealing a common mode of variation across all cell types. Interestingly, despite being 
gradient-wise, this difference in gene expression appeared to have a biological meaning, as the 
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mean latent factor of each cluster correlated with the known axon target location of that cell 
type.   

In Paper I, the latent factor analysis was 
run separately on the three main clusters, 
revealing a continuum of gene expression 
within these populations. Using 
PatchSeq, this gradient was later 
correlated to a continuum of intrinsic 
properties. In Paper IV, we detected 
further properties within the Ptlhh 
population that were correlated to the 
gradient-like differences in gene 
expression, such as morphology, 
anatomical location, and, to some extent, 
the amount of input received from 
distinct cortical and thalamic sources.  

We know that a neuron’s morphological 
and electrophysiological profiles are 
governed by their specific gene-
expression patterns (Kopp-Scheinpflug et 
al., 2003; Marcotti et al., 2016; Santiago 
and Bashaw, 2014). However, it is still 
unclear whether, in any way, the 
molecular gradients that were identified, 
and that correlate with continua of other 
neuronal properties, imply causality and 

can be predictive for that feature or not.  

Hence, in Paper III, which focuses on 
gene-property relationships and how 
these can predict the function of the 
cell, we tackled this issue by 
discriminating correlations that were 
detected across or within cell classes. 
Cell classes, in this case, were defined 
as either excitatory or inhibitory cells. 
Gene-property correlations that were 

still present when these classes were separated, using a non-class-driven approach, were 
considered more likely to be causal for the property. Some of these gene-property correlations 
were confirmed using PatchSeq and were preserved across brain regions, thus strengthening 

Figure 6. Gradient-like differences in molecular 
and electro-physiological and morphological 
profiles (A) t-SNE of all discrete striatal interneuron 
clusters (Dataset B) (B) t-SNE colored by latent factor 
distribution within the Pthlh and Th cluster. (C) 
Representative traces of the Th, Mia and Pthlh 
populations detected using PatchSeq. (D) 
Representative morphological reconstructions of FS 
and FSL cells. Adapted from Paper I and Paper IV. 
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this theory (Figure 7). However, further experiments, including knockout studies, are necessary 
to validate whether the detected relationships are causal. 

Despite having a causal relationship across distinct continuous properties, such as gene 
expression, morphology, and intrinsic properties, it is not certain that this translates into 
continuous differences in circuit function. However, in Paper IV we reveal that FS and FSL 
cells, which are found across the gradient, receive distinct cortical and thalamic input, 
suggesting that they, to some extent, are specialized in receiving and processing distinct types 
of information. For this reason, we hypothesize that the gradient-like differences detected in 
Paper IV could most likely be translated into a continuum of circuit-specific functions. 

Figure 7. Assessing gene-property relationships within cell subclasses using PatchSeq  
Examples of genes showing significant associations with electrophysiological features in the 
class-conditional analysis of the AIBS dataset (left-most panel) and the mixed-effects analysis of 
the PatchSeq datasets (other panels). Adapted from Paper III, also including PatchSeq data 
from Paper I. 
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3.3 DO THE DETECTED NEURONAL POPULATIONS HOLD TRUE, AND ARE 
THEY CONSERVED ACROSS EVOLUTION?  

Multiple additional sequencing studies have been performed within the striatum and the CA1, 
both prior to and after Paper I and Paper II were published.  

In Paper I, we detected seven distinct interneuron clusters within the dorsal striatum, labeled 
with the following main markers: Chat, Npy/Sst, Npy/Mia, Cck, Cck/Vip, Pthlh and Th. 
Interestingly, Pvalb-expressing cells did not constitute a discrete cluster but were found within 
the larger Pthlh-group. We also detected two discrete clusters of SPNs, expressing either 
Drd1a or Adora2a/Drd2. These are traditionally known as D1-SPNs and D2-SPNs, and are 
involved in the direct and indirect basal ganglia pathways, respectively.  

Additional scRNA-seq studies show a greater extent of SPN diversity, which was detected 
both as a greater number of discrete clusters and as continua of gene expression within clusters 
(Gokce et al., 2016; Märtin, 2019; Saunders et al., 2018; Zeisel et al., 2018). A more recent 
snRNA-seq study detected the three largest interneuron populations described in Paper I; 
Pthlh, Npy/Sst and Th (Märtin, 2019). Additional populations were most likely not identified 
due to the lack of interneuron enrichment and the lower amount of transcripts detected in 
snRNA-seq, compared to scRNA-seq.  

A snRNA-seq study across several species including mice, marmosets, macaque, and humans 
demonstrates that many of the interneuron populations detected in Paper I are evolutionarily 
conserved in primates (Krienen et al., 2019). These include the populations expressing Chat, 
Cck/Vip, Th, Npy/Sst, and Pthlh/Pvalb. Interestingly, no Npy/Mia population was detected, 
most likely due to the low number of cells. However, a novel primate-specific interneuron 
population was identified, which was characterized by the expression of TAC3 and VIP. This 
population constituted 30% of the striatal interneurons in marmosets and 38% in humans. In 
our dataset, the mouse TAC3 homologue, Tac2 is highly expressed within the Cck/Vip and 
sparely within the Th population described in Paper1.   

In Paper II, we identified two populations that co-expressed Lamp5 and Lhx6, including the 
Reln-expressing, MGE derived NGF cell (Cacn2d1/Lhx6/Reln) and the Vwa5a-expressing “ivy 
cell” (Cacn2d1/Lhx6/Vwa5a). Both of these are abundant and well-characterized within the 
hippocampus (Tricoire et al., 2010), but were only recently sparsely detected within the 
neocortex (Tasic et al., 2016; Tasic et al., 2018). Surprisingly, the snRNA-seq study that was 
performed across species detected a much larger number of Lamp5 and Lhx6 expressing “ivy 
cells” within deeper cortical layers in non-human primates and humans (Hodge et al., 2018; 
Krienen et al., 2019). This suggests that, throughout evolution, primates have increased the 
production and recruitment of “ivy cells” in the neocortex.  

Another overall difference detected when comparing human and mouse interneuron 
populations are that the proportion of CGE-derived cells were more abundant in the primate 
cortex than in that of rodents. This difference in developmental origin was more considerable 
in higher-order areas, such as the prefrontal cortex, compared to the primary visual cortex 
(Hodge et al., 2018; Krienen et al., 2019). 
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In conclusion, despite the differences that have been discussed here, the interneuron 
repertoire in humans is comparable to corresponding structures in mice, suggesting some 
conservation across species and evolution.  
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4. CONCLUSIONS AND PERSPECTIVES 
The work included in this thesis combines molecular, electrophysiological, anatomical, and 
morphological profiles in order to elucidate the complexity of interneuron diversity across 
distinct telencephalic regions. Novel approaches were used to consider both discrete and 
continuous differences of the above-mentioned parameters, explaining a greater extent of the 
diversity within the datasets. 

The ultimate goal of neuroscience is to understand brain function, and, for this, it is necessary 
to identify its underlying building blocks. It has been hard to reach a consensus on how to 
classify neuronal cell types, but most researchers agree that it involves neuronal function, 
which suggests that all neurons having the same function within a circuit belong to the same 
cell type (Poulin et al., 2016). However, the way in which the meaning of cellular function 
should be interpreted is the subject of much debate, as this could span a broad spectrum from 
the direct contribution to animal behavior and circuit function to intrinsic electrophysiological 
properties.  

Hence, despite arguing that proper cell type classification requires consideration of as many 
characterizing parameters as possible, this is not always sufficient to understand the cell type's 
precise function within a circuit or behavior. Nevertheless, properly characterized cell types 
will allow us to experimentally target and perturb these cells in a more specific way. This, in 
turn, will facilitate the development of novel transgenic mouse lines or gene-specific viral 
delivery. Such a detailed perturbation, perhaps labeling cells using a combination of marker 
genes, could ultimately yield a final answer about cellular function. 

For me, the most exciting prospect is the way in which this knowledge will be used in the 
future, particularly in terms of a deeper understanding of a “healthy” brain’s construction and 
its potential for aiding understanding of what is failing in diseased brains. Recent studies have 
shown that many cell type-specific risk genes are enriched in neurological diseases, in 
particular, in psychiatric diseases (Skene et al., 2018; Skene and Grant, 2016). Hence, 
suggesting that impairments in these cell types are likely involved in the cause of the disease, 
and thereby are possible targets for future drug development. In addition, cell type-specific 
drug delivery or gene manipulation would likely reduce the adverse side effects that usually 
arise upon systemic administration. This is particularly problematic with current 
psychopharmacological drugs.    

Also of particular significance is the way in which the development of snRNA-seq, has 
facilitated investigation of the neuronal composition in both healthy and diseased human 
brains, in comparison to mice (Hodge et al., 2018; Krienen et al., 2019). This comparison is 
extremely valuable not only in terms of understanding the ways in which the brain has 
developed throughout evolution, but also to validate the extent to which findings in mice are 
translatable, as they represent one of our primary animal models. In the future, it is possible 
that many disease-related questions could possibly be answered by combining snRNA-seq in 
humans with cell-specific perturbations in mice.  
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