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Introduction

Microcircuit-Level Evolution in the Mammalian Neocortex

Multiple interacting processes, including increases in brain size, cortical folding, and the
refinement of microcircuitry within the neocortex, shape the evolution of the mammalian brain.
These transformations are largely driven by genetic and epigenetic modifications, including
duplications and alterations in regulatory sequences that influence neuronal development and
plasticity (Castillo-Morales et al., 2016; Kaas et al., 2013). As a result, species-specific expansions
in cortical mantle volume and grey matter have developed, accompanied by increasingly complex

microcircuit configurations.

Among these evolutionary changes, the neocortex stands out as a key innovation. Its six-
layered structure supports advanced cognitive functions such as perception, reasoning, and
decision-making (Barton, 2007; Castillo-Morales et al., 2016). Although the basic microcircuit
motifs are conserved across mammals, their functional sophistication has diversified, reflecting
adaptations to ecological and behavioral demands (Defelipe, 2011; Lewitus et al., 2013; Rakic,
2009). These changes are mirrored in both structural and molecular features of cortical circuits,
with evidence suggesting that evolutionary pressures—including metabolic efficiency and

environmental complexity—have shaped the architecture of the neocortex (Rogers et al., 2010).

Genetic variation plays a central role in modulating the composition and connectivity of
cortical neurons. Across species, alterations in gene expression have contributed to distinct cortical
organizations that underpin adaptive cognitive traits. The development of compartmentalized
microcircuits has enabled parallel processing, rapid integration of information, and enhanced
behavioral flexibility (Ghosh & Jessberger, 2013; Innocenti & Price, 2005). Furthermore, the
neocortex's layered structure represents a fundamental evolutionary shift, facilitating specialized
intra- and interlaminar communication and enabling the emergence of high-order processing

capabilities (Kaas, 2013).

Increased neuronal density in some cortical areas correlates with enhanced cognitive
capacity, particularly in species with larger brains, such as primates (Miller et al., 2019). Recent

findings also highlight the role of molecular evolution in shaping cortical structure. For example,
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accelerated evolution of adhesion molecules such as amyloid precursor-like proteins (APLP1)
appears to have supported the development of synaptic complexity and the establishment of the
neocortex’s layered structure (Onodera et al., 2021). These insights emphasize the integrated role

of genetic, molecular, and structural changes in driving neocortical specialization.

Taken together, the neocortex is a good example of a convergent outcome of evolutionary
pressures shaping neural systems. Its expansion, folding, and microcircuit diversification reflect
the interplay between genetic innovations and adaptive demands, ultimately enabling the

emergence of sophisticated cognitive capabilities characteristic of mammals.

Divergence in Neocortical Neuron Functions: Genetic and
Electrophysiological Differences Between Humans and Mice

Comparative analyses of neocortical neurons across mammalian species have uncovered
key evolutionary differences in cellular identity, ion channel expression, and circuit function. With
the advent of high-resolution techniques such as single-cell RNA sequencing, it has become
increasingly clear that while many cortical neuron types are conserved across species, their
molecular profiles and functional properties can diverge significantly. These differences are
especially pronounced in GABAergic (gamma-aminobutyric acid) interneurons, which exhibit
species-specific transcriptional signatures, ion channel expression, and morphological features

(Hodge et al., 2019; Wang et al., 2022).

Among these interneurons, divergence in gene expression patterns reveals evolutionary
adaptations that have altered neuronal function and connectivity. For instance, human GABAergic
neurons express unique combinations of transcription factors and exhibit broader diversity in
interneuron subtypes compared to their murine counterparts (Raju et al., 2018). Such differences
are not merely genetic but extend to ion channel composition, which influences
electrophysiological properties, including membrane excitability, firing dynamics, and synaptic

integration (Hu et al., 2019; Poorthuis et al., 2018).

Although rodent models have long been central to neuroscience research, accumulating
evidence demonstrates that even subtle differences in ion channel distribution or dendritic
architecture can lead to great differences in circuit-level behavior between species (Campagnola et

al., 2022; Eyal et al., 2016). For example, studies using human cortical tissue resected during
8
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neurosurgery have shown functional distinctions in excitability, signal integration, and plasticity

compared to rodent neurons (Galakhova et al., 2022; Lourenco & Bacci, 2017).

One striking example of molecular divergence involves the calcium-binding protein
secretagogin, which is expressed in developing human GABAergic neurons but absent in mice. Its
presence correlates with increased neurite complexity, suggesting enhanced roles in cortical
integration and plasticity (Raju et al., 2018). Furthermore, the enriched expression of certain
GABAergic subtypes in the human neocortex points toward an evolutionarily expanded inhibitory

repertoire tailored for higher-order cognitive demands (Radonjic et al., 2014).

Differences in ion channel distribution further contribute to species-specific neuronal
dynamics. For instance, human supragranular pyramidal neurons exhibit stronger
hyperpolarization-activated cyclic nucleotide-gated (HCN) channel activity than those in mice,
especially in deeper cortical layers (Kalmbach et al., 2018). These differences affect intrinsic
excitability and the precision of spike timing, with implications for cognitive processes such as

memory encoding and theta rhythm generation (Rich et al., 2021).

Taken together, these findings highlight the necessity of studying human neurons directly
to understand the principles governing cortical function and dysfunction. Differences in gene
regulation, ion channel composition, and interneuron diversity are not merely interspecies
curiosities but reflect fundamental adaptations with significant implications for cognition,
behavior, and disease modeling. Appreciating this divergence would be critical for translational

neuroscience and for the development of therapeutic strategies against human psychiatric disorders.

Parvalbumin-Expressing Interneurons: Central Inhibitory Elements
in the Mammalian Neocortex

Parvalbumin (Pvalb)-expressing interneurons are a core component of cortical inhibitory
circuits and are among the most functionally specialized neuron types in the mammalian neocortex.
Characterized by their fast-spiking behavior and ability to precisely regulate the timing and strength
of pyramidal cell activity, Pvalb interneurons are essential for maintaining excitatory-inhibitory

balance and supporting high-frequency network oscillations.
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These interneurons are critically involved in regulating cortical excitability, synaptic
plasticity, and the temporal precision of action potentials (Chen W, 1996; Wang et al., 2016). Their
rapid membrane kinetics and dense perisomatic innervation of pyramidal neurons allow them to
exert powerful inhibitory control, thereby shaping neuronal output and contributing to cognitive
functions such as attention, working memory, and sensory integration (Jiang et al., 2012; Molnar

et al., 2008).

Despite a shared core identity, Pvalb interneurons display species-specific differences in
ion channel expression, firing properties, and morphology. Studies have shown that human fast-
spiking interneurons exhibit subtle but functionally relevant distinctions in axonal arborization,
synaptic integration, and ion channel kinetics compared to their rodent counterparts (Molnar et al.,
2016; Poorthuis et al., 2018; Szegedi et al., 2020). These differences are thought to support the
greater computational demands of the human cortex and reflect evolutionary refinements of

inhibitory control mechanisms.

One of the most striking properties of Pvalb interneurons is their ability to fire at extremely
high frequencies without significant frequency adaptation. In humans, these cells can sustain firing
rates exceeding 300 Hz, supporting temporally precise inhibition that enhances cortical processing
and synchronization (Wang et al., 2016). This capacity is enabled by a unique constellation of ion
channels, particularly those located at the axon initial segment (AIS), such as Navl.6 sodium
channels and Kv1-type potassium channels, which collectively regulate action potential initiation,

timing, and recovery (Goldberg et al., 2008; Kole et al., 2007).

Moreover, Pvalb interneurons contribute to the modulation of cortical dynamics through
activity-dependent plasticity at their glutamatergic inputs. These synaptic modifications are
essential for adapting inhibitory strength in response to changing network states and learning
demands (Szegedi et al., 2016). Their connectivity patterns, particularly the dense innervation of

local pyramidal cells, position them as key regulators of circuit output and oscillatory synchrony.

In summary, parvalbumin-expressing interneurons represent a fundamental inhibitory class
within the neocortex, whose unique physiological properties and circuit roles are shaped by

species-specific adaptations. Understanding their molecular composition, electrophysiological

10
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profiles, and synaptic dynamics offers critical insights into the cellular basis of cortical computation

and the evolutionary forces that have shaped mammalian brain function.

Ion Channel Specialization in Parvalbumin Interneurons: Molecular
Determinants of Fast-Spiking Excitability

The unique physiological properties of Pvalb interneurons are fundamentally shaped by
their distinct repertoire of ion channels, which confer rapid membrane responsiveness, high-
frequency firing, and precise synaptic integration. These ion channels are critical for regulating
action potential (AP) threshold, timing, and recovery, thereby supporting the functional role of
Pvalb interneurons in maintaining cortical stability and information processing (Markram et al.,

2004; Tremblay et al., 2016).

Among the most influential of these channels are hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels, voltage-gated sodium (Nav1) and potassium (Kv1) channels,
, and inward rectifier potassium (Kir) channels. Together, they orchestrate the intrinsic
excitability and firing dynamics that distinguish fast-spiking interneurons from other neuronal

populations.

HCN Channels (Hyperpolarization-Activated Cyclic Nucleotide-Gated
Channels)

HCN channels mediate the Ih current, which becomes active at subthreshold voltages and
contributes to membrane potential stability and resonance properties. In Pvalb interneurons, HCN
channels support persistent firing by facilitating membrane depolarization following
hyperpolarization, thereby influencing synaptic responsiveness and excitatory-inhibitory balance
(Nusser, 2009; Shah, 2014).While HCN1 and HCN?2 isoforms are expressed in both humans and
rodents, electrophysiological studies reveal species-specific differences in their localization and
functional impact. In human neocortical neurons, HCN currents are more pronounced at the soma,
enhancing EPSP-spike (excitatory postsynaptic potential) coupling and temporal fidelity (Guet-
McCreight et al., 2023). In contrast, rodent Pvalb neurons predominantly express HCN channels
in axonal compartments, suggesting divergent roles in firing modulation and neurotransmitter

release (Nusser, 2009; Roth & Hu, 2020).

11
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Kir Channels (Inward Rectifier Potassium Channels)

Kir channels regulate membrane excitability by stabilizing the resting membrane potential
and shunting subthreshold excitatory inputs. These channels are activated during hyperpolarized
states and play a key role in setting the excitability threshold of Pvalb neurons (Goldberg et al.,
2011; Hibino et al., 2010). In rodents, Kir channels provide strong inhibition at membrane
potentials negative to rest, dampening spontaneous firing and enhancing input selectivity.
However, their precise roles in human Pvalb interneurons remain less well characterized,

highlighting the need for further comparative studies using human tissue (Anderson et al., 2021).

Navl.6 Channels (Voltage-gated Sodium Channels)

Voltage-gated sodium channels, particularly the Nav1.6 isoform, are densely clustered at
the axon initial segment (AIS), where they are essential for action potential initiation. Nav1.6
channels exhibit rapid activation and recovery kinetics, enabling Pvalb interneurons to sustain
high-frequency firing without accommodation (Lorincz & Nusser, 2008; Sun et al., 2013). Their
distribution and density shape the AP threshold and are closely linked to the geometry of the AIS.
In human neurons, small differences in AIS structure and Nav1.6 expression contribute to lower
AP thresholds compared to mouse neurons, supporting increased responsiveness and computational

precision (Lorincz & Nusser, 2008).

Kvl Channels (Voltage-gated Potassium Channels)

Kvl-type potassium channels, especially Kv1.1 and Kv1.2, are enriched in the AIS and
govern repolarization dynamics and interspike intervals. These channels act as subthreshold
modulators of excitability, curbing excessive depolarization and ensuring temporal precision in
firing (Gu & Barry, 2011; Kole et al., 2007). The functional specialization of Kv1 subtypes allows
for improved control of spike timing and gain modulation(Goldberg et al., 2008; Gu & Barry, 2011;
Kole et al., 2007).

Collectively, the concerted action of these ion channels underpins the fast-spiking
phenotype of Pvalb interneurons and shapes their role in neocortical computation. Differences in
ion channel expression, localization, and kinetics between species point to evolutionary adaptations

that optimize interneuron performance for species-specific cortical demands.
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The Axon Initial Segment: Structural and Functional Specialization for Action

Potential Initiation

The axon initial segment (AIS) is a highly specialized neuronal domain that serves as the
principal site of AP initiation. This region, typically located at the proximal axon just distal to the
soma, is characterized by a high density of voltage-gated ion channels and a unique cytoskeletal
architecture that enables the integration of synaptic inputs and trigger precise neuronal output. In
fast-spiking interneurons, the AIS plays a critical role in establishing the low AP thresholds and

high temporal precision required for rapid and reliable inhibitory control.

The spatial arrangement of the AIS—its length, position relative to the soma, and
biophysical features—significantly influences neuronal excitability. An AIS positioned closer to
the soma is more affected by somatodendritic membrane capacitance and axial resistance, while a
more distal AIS is electrically more isolated, boosting its capacity to respond independently to
depolarizing currents. However, this isolation also causes increased charge dissipation along the
axon, which may require stronger depolarization to reach the threshold (Goethals & Brette, 2020;
Leterrier, 2018). Therefore, AIS location and shape represent a trade-off between excitability and
electrical compartmentalization, finely adjusted for each neuron type and species, and likely

serving as a substrate for plasticity mechanisms.

Species-specific variations in AIS structure and ion channel distribution have important
implications for cortical function. In particular, studies have shown that human Pvalb interneurons
exhibit a lower action potential threshold than their rodent counterparts, a property which might
be linked to differences in AIS morphology and Nav1.6 channel density (Lorincz & Nusser, 2008).
These adaptations support more sensitive and temporally precise responses to excitatory inputs,

probably reflecting the heightened computational demands of the human cortex.

The AIS is enriched with several key ion channels, including Nav1.6 sodium channels and
Kv1 potassium channels. Nav1.6 facilitates rapid depolarization necessary for AP initiation, while
Kv1 channels regulate repolarization and influence firing threshold and frequency. The interaction
between these channels governs the precise biophysical properties required for fast and efficient

spike generation (Goldberg et al., 2008; Gu & Barry, 2011; Kole et al., 2007).

13
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The molecular scaffolding that anchors these ion channels is equally critical. The
cytoskeletal protein pIV-spectrin, in complex with ankyrin-G, plays a central role in maintaining
AIS integrity. IV-spectrin organizes the periodic cytoskeletal lattice and anchors voltage-gated
channels, ensuring their stable localization and function (Jones & Svitkina, 2016; Leterrier, 2018).
Loss of ankyrin-G disrupts AIS assembly, impairs channel clustering, and elevates firing

thresholds, thereby compromising neuronal output (Winckler, 1999).

Differences in AIS composition and molecular organization across species suggest that its
structure has undergone evolutionary tuning to match circuit-level requirements. In humans, longer
or more distally located AISs may confer enhanced excitability and dynamic range, contributing to
advanced integrative functions in neocortical networks (M. C. Inda et al., 2006). This specialization
is particularly relevant in fast-spiking interneurons, where the precision of inhibitory timing is

critical for shaping cortical rhythms and supporting cognition.

In summary, the AIS is a dynamic and evolutionarily adaptable structure that integrates ion
channel distribution, cytoskeletal architecture, and biophysical constraints to regulate neuronal
firing. Understanding species-specific differences in AIS organization is essential for decoding how
intrinsic excitability contributes to the complexity of cortical computations and for interpreting

interspecies variability in both normal and pathological brain states.

Evolutionary and Translational Significance of Species-Specific
Neuronal Specializations

The discovery of substantial molecular and functional differences in neuronal properties
between humans and commonly used laboratory species, such as mice and rats, has significant
implications for both basic neuroscience and translational research. Although rodent models have
been instrumental in uncovering fundamental mechanisms of brain function, increasing evidence
reveals that key features of human cortical neurons — including their morphology, ion channel
composition, and electrophysiological properties — have diverged in ways that may impact the
interpretation and applicability of animal data (Campagnola et al., 2022; Kalmbach et al., 2018;
Rich et al., 2021).

This divergence is particularly relevant for parvalbumin interneurons, which are key

regulators of excitatory-inhibitory balance and are targeted in a range of neurological and
14
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psychiatric disorders. Many pharmacological treatments developed in rodents have failed in human
trials, in part due to species-specific differences in neuronal function and circuit architecture. As
such, a deeper understanding of how Pvalb interneurons differ across species, from gene expression
to AIS structure and ion channel dynamics, is essential for refining disease models and identifying

effective therapeutic targets.

The observation that human Pvalb interneurons have a lower action potential threshold,
along with broader and more complex arborization patterns, underscores an evolutionary trajectory
favoring enhanced temporal precision and inhibitory control. These adaptations likely support the

expanded cortical territories and cognitive capacities seen in primates and humans.

Molecular differences in ion channel expression — particularly in HCN, Nav1.6, Kv1, and
Kir families — may reflect adaptive responses to the metabolic and computational demands
imposed by a larger and more interconnected neocortex. Evolutionary tuning of these channels,
combined with structural refinements such as AIS positioning and BIV-spectrin—mediated
cytoskeletal organization, suggests that interneuron excitability has been optimized differently

across species to match ecological and cognitive requirements.

The ability to study these differences using surgically resected human brain tissue offers
a unique opportunity to bridge the gap between animal models and human neurobiology. Such
tissue provides not only direct insight into human-specific neuronal features but also a foundation

for building accurate models of brain disorders.

In conclusion, comparative studies of neocortical microcircuits — particularly those
focusing on fast-spiking inhibitory interneurons — reveal an intricate evolutionary narrative of
divergence and specialization. Understanding how these cellular properties have been shaped
across species offers essential insights into the principles of brain evolution and paves the way for

more precise and effective approaches in neuroscience research and clinical intervention.
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Aims

The overarching goal of this doctoral research was to characterize the molecular,
anatomical, and electrophysiological properties of homologous interneuron types — specifically,
parvalbumin-expressing fast-spiking basket cells — in the human and mouse neocortex. By
examining conserved neuron classes across species, the study aimed to identify human-specific

adaptations at the protein, genetic, and microcircuit levels.
The specific research questions addressed include:

1. HCN Channel Localization and Function
How does the subcellular distribution of hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels, particularly at the soma versus dendrites, differ between species?
What are the electrophysiological consequences of this divergence?

2. Kir Channel Regulation of Excitability
How does higher baseline input resistance in human Pvalb interneurons influence the
functional effect of Kir (inward rectifier potassium) channel activation compared to
mouse cells? Are there differences in the expression levels or membrane localization of
Kir3.1 and Kir3.2 between species?

3. Axon Initial Segment (AIS) Specialization
Can interspecies differences in AIS length, position, and ion channel composition account

for variations in action potential thresholds and inhibitory control?

To address these aims, I contributed to the morphological visualization of neurons
characterized by electrophysiology, confirmed their parvalbumin expression, and performed
immunohistochemical staining using various markers. These preparations were imaged via

confocal microscopy, followed by quantitative analysis in collaboration with Dr. Adam Tiszlavicz.
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Materials and Methods

Ethics statement and licenses

All procedures were approved by the University of Szeged Ethics Committee and Regional
Human Investigation Review Board (ref. 75/2014) and conducted in accordance with the tenets of
the Declaration of Helsinki. Written informed consent for studies on excised human cortical tissue
was obtained from all patients prior to surgery. Tissue obtained from underage patients was

provided with agreement from a parent or guardian.

Human brain slices

Neocortical slices were prepared from samples of frontal, temporal, or other cortex removed
for the surgical treatment of deep-brain targets. Patients ranged from 20 to 82 years of age, and
samples were acquired from both the left and right hemispheres of males and females. Anesthesia
was induced with intravenous midazolam (0.03 mg/kg) and fentanyl (1 to 2 pg/kg) following bolus
intravenous injection of propofol (1 to 2 mg/kg). Patients also received 0.5 mg/kg rocuronium to
facilitate endotracheal intubation. Patients were ventilated with a 1:2 O2/N>O mixture during
surgery, and anesthesia was maintained with sevoflurane. Following surgery, the resected tissue
blocks were immediately immersed in an ice-cold solution containing (in mM) 130 NacCl, 3.5 KCl,
1 NaH2POy4, 24 NaHCO3, 1 CaClz, 3 MgS0Os, and 10 D(+)-glucose aerated with 95% O2/5% CO»
within a glass container. The container was then placed on ice inside a thermally isolated box and
immediately transported from the operating room to the electrophysiology laboratory with
continuous 95% 02/5% CO» aeration. Slices of 350 pum thickness were prepared from the tissue
block using a vibrating blade microtome (Microm HM 650 V) and then incubated at 22°C to 24°C
for 1 h in slicing solution. The slicing solution was gradually replaced with a recording solution
(180 mL) using a pump (6 mL/min). The contents of the recording solution were identical to the

slicing solution except that it contained 3mM CaClz and 1.5 mM MgSOsa.

Mouse brain slices

Transversal slices (350 pum) were prepared from the somatosensory and frontal cortices of
5-7-week-old heterozygous B6.129P2-Pvalbtm1(cre)Arbr/J mice (stock 017320, B6 PVALBcre

line, Jackson Laboratory, Bar Harbor, ME, USA) crossed with the Ai9 reporter line to express the
17
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tdTomato fluorophore in Pvalb GABAergic neurons to assist in cell selection. Cell identity was
tentatively confirmed electrophysiologically by fast spike kinetics and high-frequency non-
accommodating firing in response to 500-ms suprathreshold depolarizing pulses (Szegedi et al.,

2017).

Drug

The HCN channel blocker ZD7288, BaCl,, dendrotoxin-K (DTXK) (Merck/Sigma-

Aldrich) were diluted in physiological extracellular solution and applied by wash-in.

Electrophysiological recordings and data analysis

Recordings were performed in a submerged chamber perfused at 8 mL/min with recording
solution maintained at 36°C to 37°C. Cells were patched under visual guidance using infrared
differential interference contrast video microscopy and a water-immersion 20x objective with
additional zoom (up to 4x). All cells experiments were performed within 30 min from entering to
whole cell mode. Micropipettes (5 to 8MQ) for whole-cell patch-clamp recording were filled with
intracellular solution containing (in mM) 126 K-gluconate, 8 NaCl, 4 ATP-Mg, 0.3 Na,—GTP, 10
HEPES, and 10 phosphocreatine (pH 7.0 to 7.2; 300 mOsm) and supplemented with 0.3% (w/v)
biocytin for subsequent staining with Alexa 488—conjugated streptavidin. Recordings were
performed with a Multiclamp 700B amplifier (Axon Instruments) and lowpass filtered at a 6 to 8
kHz cutoff frequency (Bessel filter). Series resistance and pipette capacitance were compensated
in current-clamp mode, and pipette capacitance was compensated in voltage-clamp mode. In
voltage-clamp recordings, the effect of access resistance (measured first in current-clamp) on the
nominal clamping potential reading was calculated and corrected during data analysis. The resting
membrane potential (Em) was recorded starting 1 to 3 min after patch rupture. Membrane potential
values were not corrected for liquid junction potential error. The somatic leakage conductance
(Gleak) was measured in voltage-clamp mode as the ratio of evoked current to voltage step
amplitude (—10 mV for 10 ms) according to Ohm’s law as follows: Gleak (nS) = clamping current
amplitude at the end of the voltage step (pA)/voltage-clamp step amplitude (mV). Somatic input
resistance was measured in current-clamp mode by measuring the current required to hyperpolarize
the membrane to —90 mV peak potential (250 to 500 ms) from —70 mV. Somatic tau values were

measured in the current—clamp mode for depolarizing (+10 mV) Vm steps (250-500 ms) from —70
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mV. The AP firing threshold was measured in the dV/dt per Vm phase plots as the Vm at which the
AP initial rise speed reaches 10 mV/ms (Li et al., 2014; René Wilbers et al., 2023). All parameters
were measured from at least five traces. Outside-out somatic membrane recordings were conducted
after whole-cell recordings by retracting the pipette under visual guidance using a microscope-
associated camera. Bridge balance was set during experiments. Sag amplitudes were calculated
from at least 5 steps in each configuration. Data were acquired using Clampex software (Axon
Instruments), digitized at 35-50 kHz, and analyzed offline using pClamp (version 10.5, Axon
Instruments), Spike2 (version 8.1, Cambridge Electronic Design, Milton, UK), OriginPro (version
9.5, OriginLab Corporation, Northampton, MA, USA), and SigmaPlot (version 14, Grafiti, Palo
Alto, CA, USA).

Single-cell model

The program used in the simulations was written by Attila Szucs in Delphi language
(Hernath et al., 2019; Szabo et al., 2021). My superviser, Karri Lamsa, and my college Adam
Tiszlavicz, constructed a model neuron incorporating electrophysiological parameters derived from
experimental findings to assess the effects of somatic HCN channels on the input—out responses of
basket cells. The three-compartmental model neuron including cylindrical dendritic and axonal
compartments was based on the formalism described previously (Szucs et al., 2017). The model
consisted of a somatic compartment in addition to one axonal and one dendritic cable compartment,
both 200 um in length and 1.2 um in diameter. Cable parameters were axon longitudinal resistance
= 1.0MQ per um and capacitance = 12 fF/um? for both the axon and dendrite (also referred to as
the “primary dendrite”). The somatic compartment had an ohmic resistance of 400M€, capacitance
of 12 pF, and the leakage current reversal potential of =62 mV. In addition, the model incorporated
5 voltage-dependent currents: transient Na® current, delayed rectifying K* current (Kd), HCN
current, slowly activating M-type K* current, and inward-rectifying K™ current (Kir). Parameters
such as rheobase and voltage sag were chosen to replicate basic response properties and adjusted
using experimental data to attain the best match with recorded voltage traces. All intrinsic voltage-

dependent currents were calculated according to the Eq 1:

Ii = gimzphi(Ei - V),
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where i represents the individual current type, gi is the maximal conductance of the current, mi is
the activation variable, p is the exponent of the activation term, /i is the inactivation variable (either
first-order or absent), and Ei is the reversal potential. Activation (m) and inactivation (/%) kinetics

were modeled according to the Eq 2:

dx  xe(V)—x
a T, (V)

where x represents m or h, and voltage-dependent steady-state activation and inactivation are

described by the sigmoid function Eq 3:

V-V
(V) = =+~ tanh [ ——2
Xoo =3 2an Vx|

The midpoint V12 and slope Vi parameters of the sigmoids and the other kinetic parameters are
shown in S2 Table. Time constants (1) of activation and inactivation were modeled as bell-shaped

functions of the membrane potential (V) according to the Eq 4:

X5

V-V 1\°
™3
Ty (V) = (Tx,max - Tx,min) 1 — tanh ( ) + Tx,min -

TX,S1

The voltage-dependent Na*, and K" Kd- and M-currents were assigned to the axonal and
somatic compartments, while the HCN and Kir currents were included in the somatic and dendritic
compartments. The model was tested using a current-step protocol matching the one used for
biological neurons (0.5 s duration current steps starting at =100 pA and increasing in increments of
+20 pA). Membrane resistance, time constant, voltage sag, and other parameters were calculated
from the voltage responses and compared to those observed in representative human basket cell. In
addition to the intrinsic voltage-dependent currents, we included a chemical GABAergic autaptic
connection from the axon to the somatic compartment of the model as autaptic inhibition is a
regular feature of human L2/3 neocortical Pvalb interneurons and has a clear impact on the
hyperpolarizing phase of action potential waveform (Szegedi et al., 2020). The parameters of the
autaptic connection were as follows: conductance = 2.5 nS, conductance onset delay to action
potential peak = 1 ms; time to peak = 0.8 ms; current decay time constant = 10 ms; activation
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threshold = —32 mV; slope of the activation function = 20 mV; reversal potential of the autaptic

current = —72 mV.

Autaptic current was described using a first-order kinetics of transmitter release as defined

in Eq 5:
Isyn = gsynS (Esyn - V),
where S is the instantaneous autaptic activation term yielding the following differential Eq 6:

g_ Soo(VpT‘e)-S
dt Tsyn(l'soo (Vpre)) .

The steady-date autaptic activation term depends on the cell membrane potential as defined

in Eq7:

Vore =V,
Seo (Vpre)=tanh (”—" )
Vslope

when Vpre > Vin. Otherwise Se (Vpre) = 0. The term Ve denotes the membrane potential of the axon

cable.

The three-compartmental model neuron, including its cylindrical dendritic and axonal
compartments, was based on the previously described formalism. The model consisted of a somatic
compartment, axonal compartment, and dendritic cable compartment. The axon was 140 pum in
length long and 0.8 pum in diameter, and the dendrite was 200 pum in length and 1 pm in diameter.
The cable parameters were as follows: axon Ra = from 0.8 to 1.1 MQ-pm and axon Cm = 6 fF/um?.
Cm was 2-fold higher for the dendrite (12 fF/um?) than for the axon. The ohmic resistance of the
somatic compartment was 700 M€, and Cm of the somatic compartment was 25 pF. The leakage
reversal potential was set to —68 mV. Parameters such as the rheobase and voltage sag were chosen
to replicate the basic response properties and were carefully adjusted using the experimental data

to attain the best match between the simulated and recorded voltage traces.
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Statistics

In the Research Study I the results are presented as median with lower to upper quartile
range (IQR) unless stated otherwise. Statistical significance was evaluated by Mann—Whitney U
test, Wilcoxon signed-rank test, or ANOVA on Ranks (Kruskal-Wallis H test) as indicated using
Sigma Plot. Correlations were tested using Pearson’s or Spearman Rank Order method. A P <0.05
was considered significant for tests. Parametric distribution was confirmed with the Shapiro—Wilk

test as P> 0.05.

In the Research Study II the data were presented as the median and interquartile range.
Statistical significance was tested using the Mann—Whitney U test, ANOVA on ranks (Kruskal—
Wallis H test) with Dunn’s post hoc pairwise test, or one-way MANOVA with Bonferroni’s post
hoc test to assess differences between multiple samples. Associativity and correlations were tested
using the Spearman rank order method. Tests were performed using SigmaPlot 15. Inset symbols
and icons were prepared from premade icons and templates using BioRender’s web-based free

software (https://www.biorender.com).

In the Research Study III the results are presented as medians and IQRs. Statistical
comparisons were performed using the Student’s t-test, the Mann—Whitney U test, Wilcoxon
signed-rank test with Bonferroni correction, ANOVA on ranks (Kruskal-Wallis H test) with Dunn’s
post hoc pairwise test, or PERMANOVA and the Mann—Whitney U test with Bonferroni correction.
Proportions were compared using the chi-squared test with Benjamini—Hochberg adjustment at a

5% significance level. Correlations were assessed using Spearman’s rank-order method.

Tissue fixation and cell visualization

Cells filled with biocytin from whole-cell patch-clamp recording were visualized using
either Alexa 488—conjugated streptavidin (1:1,000) or Cy3-conjugated streptavidin (1:1,000) (both
from Jackson ImmunoResearch). After recording, slices were immediately fixed in a solution
containing 4% paraformaldehyde and 15% picric acid in 0.1Mphosphate buffer (PB; pH = 7.4) at
4°C for at least 12 h and then stored at 4°C in 0.IMPB containing 0.05% sodium azide as a
preservative. All slices were embedded in 20% gelatin and further cut into 60-um thick sections in
ice-cold PB using a vibratome (VTI1000S, Leica Microsystems, Wetzlar, Germany). After

sectioning, they were rinsed in 0.1MPB (3 % 10 min), cryoprotected in 10% to 20% sucrose solution
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in 0.1MPB, flash-frozen in liquid nitrogen, and thawed in 0.1MPB. Slice sections were then
incubated in 0.1MTris-buffered saline (TBS; pH 7.4) containing fluorophore-conjugated
streptavidin for 2.5 h at 22°C to 24°C. After washing with 0.1MPB (3 x 10 min), the sections were
covered in Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA), placed
under coverslips, and examined under an epifluorescence microscope at 20 to 60% magnification

(Leica DM 5000 B).

Conversion of selected cells to DAB and anatomical reconstruction

Sections (60-um thick) used for single-cell reconstruction were further incubated in a
solution of conjugated avidin-biotin horseradish peroxidase (ABC; 1:300; Vector Labs) in TBS (pH
=7.4) at 4°C overnight. The enzyme reaction was visualized by the glucose oxidase-DAB-nickel
method using 303-diaminobenzidine tetrahydrochloride (0.05%) as the chromogen and 0.01%
H>O: as the oxidant. Sections were further treated with 1% OsO4 in 0.IMPB. After several washes
in distilled water, sections were stained with 1% uranyl acetate, dehydrated in an ascending series
of ethanol concentrations, infiltrated with epoxy resin (Durcupan) overnight, and embedded on
glass slides. Light microscopic reconstructions were conducted using the Neurolucida system with
a 100x objective (Olympus BX51, Olympus UPlanFI). Images were collapsed in the z-axis for

llustration.

Immunohistochemistry

Free-floating sections were washed three times in TBS containing 0.3% Triton-X (TBST)
for 1 h at 20-24°C. They were then moved to a blocking solution consisting of 20% horse serum in
TBST. The sections were treated with 1 mg/mL pepsin (catalog #S3002; Dako, Glostrup, Denmark)
in 1 M HCI with 0.1 M PB at 37°C for 5-6 min and then washed in 0.1 M PB. All sections were
incubated in primary antibodies diluted in TBST over three nights at 4°C followed by the
appropriate fluorochrome-conjugated secondary antibody solution (2% blocking serum in TBST)
overnight at 4°C. The sections were first washed in TBST (thrice for 15 min each), washed in 0.1
M PB (twice for 10 min each), and finally mounted on glass slides with Vectashield mounting
medium (Vector Laboratories, Burlingame, CA, USA). The following primary antibodies were
used for immunostaining of brain sections: mouse anti-pv (1:500, Swant, Switzerland,

www.swant.com, clone: 235); rabbit anti-HCN1 (1: 500, MyBioSource), rabbit anti-HCN2 (1: 500,
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MyBioSource), rabbit anti-KV3.1 (1:500, Synaptic Systems, www.sysy.com), goat anti-pvalb

(1:1000, PVG-213, Swant, Burgdorf, Switzerland); mouse anti-spectrin beta-4 (1:100, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA), rabbit anti-Nav1.6 (SCN8A, 1:300, Alomone
Labs, Jerusalem, Israel); rabbit anti-Kv1.1 (KCNA1, 1:100, Alomone Labs), and rabbit anti-Kv1.2
(KCNA2 APC-010, 1:100, Alomone Labs), rabbit Anti-GIRK1 polyclonal (Kir3.1) (1:200,
Alomone Labs, Jerusalem, Isreal), rabbit Anti-GIRK2 antibody monoclonal (Kir3.2) (1:200,
Abcam, www.abcam.com). Immunolabeling was visualized for confocal microscopy using the
following secondary antibodies: DAM Alexa 488—conjugated donkey anti-mouse (1:400, Jackson
ImmunoResearch, www.jacksonimmuno.com) or DAM Cy3-conjugate donkey anti-mouse (1:400,
Jackson ImmunoResearch). For dSTORM, secondary antibodies were DARb Alexa 647 donkey
anti-rabbit (1:500, Abcam, www.abcam.com) and DaRb CF568 (1:500, Biotium). DARb Cy3-
conjugate donkey anti-rabbit (1:400, Jackson ImmunoResearch), and DaGt A647-conjugate
donkey anti-goat (1:200, Thermo Fisher Scientific). The immunoreactions were evaluated first
using an epifluorescence microscope (Leica DM 5000 B) and then a laser scanning confocal

microscope (Nikon Eclipse Ti-E).

Confocal microscopy

Confocal images were captured using a Nikon C2+ confocal scan head attached to a Nikon
Eclipse Ti-E microscope equipped with a high NA objective (Nikon CFI Apo TIRF 100XC Oil,
NA = 1.49). The setup and data acquisition process were controlled by Nikon NIS-Elements 5.02
software, and images were postprocessed in MATLAB. The Nikon Laser Unit was used to set the
wavelength and power of the following applied lasers: Sapphire 488 LP-200 (Pmax = 200 mW,
Coherent, Santa Clara, CA, USA) for 488 nm excitation; Cobolt Jive (Pmax = 300 mW, Cobolt,
Kassel, Germany) for 561 nm excitation; 2RU-VFL-P-300-647-B1 (Pmax = 300 mW, MPB

Communications, Montreal, Canada) for 647 nm excitation.

In Research Study II-III, the examination of the brain slices labeled for
immunofluorescence were acquired using a Leica Stellaris 8 laser-scanning confocal microscope
(Leica Microsystems. Biomarker Kft. Budapest, Hungary) with 499-, 554-, and 649-nm lasers for
excitation of the fluorophores. The utilized emission filters for these lasers were 504-553, 559—
654, and 654750 nm, respectively. Z-stack images were taken using a HC PL APO CS2 63%/1.40

oil immersion objective in a unidirectional scanning mode.
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Line analysis of immunofluorescence intensity

Immunofluorescence images of Pvalb-expressing neurons, as well as fluorophore-labeled
HCNI1, HCN2, and Kv3.1 channels were captured using a Leica Stellaris-8 confocal microscope
system, with special care to avoid pixel saturation. Images were then analyzed oftline using LAS
X Life Science Microscope Software. Briefly, an analysis template with six radial fluorescence
measuring lines was positioned on an individual Pvalb-immunopositive cell soma so that the
template center was approximately at the soma center and the end of each measuring line (Ilength
8 um, 15 pixels per um) extended to the extracellular space. Thus, each line read pixellevel
fluorescence intensity from the soma center to the edge (border of the extracellular space in two
dimensions). The lines were positioned symmetrically at 60° angles. Fluorescent signals from Pvalb
immunoreactivity in human cells and genetically encoded tdTomato in mouse cells were used to
define the intracellular region. Intracellular signals from line analysis are likely to originate from
both cytoplasm and nucleus since we were not able to clearly discriminate these subcellular
regions. For analysis, the membrane zone was defined exactly as a 1-um-wide region with midpoint
where Pvalb (or tdTomato) fluorescence intensity reached half maximum (measured between 20%
and 80% of signal minimum and maximum amplitude), while the extracellular region was defined
from immediately outside this membrane zone. For measurement of fluorescence intensity values
in each cell, readings from the six lines were first aligned and averaged as demonstrated in Fig 4A—
D, Fig 6F-G. Average fluorescence intensity values for labeled HCN1 and HCN2 channels used to
calculate ratios in Fig 4 and Fig 6 were collected from 3-um, 1-um, and 1-um line lengths across

intracellular, membrane zone, and extracellular regions, respectively.

In the Kir project the confocal immunofluorescence microscopy images of neurons were
analyzed using ImageJ (US National Institutes of Health, Bethesda, MD, USA). To determine the
edge and centroid of the cell soma, the images were segmented by adjusting the threshold of the
Pvalb immunofluorescence signal. This was followed by removing small, unrelated particles and
closing the soma segment if necessary. Segmentation was performed using the IsoData
thresholding method, also known as iterative intermeans (10.1109/TSMC.1978.4310039). A
straight line of selected length was then drawn at equal angular intervals. Intensity profiles for both
Kir3.1 or Kir3.2 and Pvalb immunofluorescence channels were acquired along each line (from

outside to inside the cell). Segments extending from the centroid of soma to the distal end of each
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line were aligned by the alleged extracellular membrane location (defined by the appearance of
Pvalb immunofluorescence signal in line analysis. Means, upper and lower quartiles were

calculated for each position along the lines and normalized to the maximum average.

Twenty-four measurement lines, each with 50 pixels per micrometer, were placed on a cell
soma so that all lines projected radially from the soma center to the extracellular space.
Immunofluorescence intensity for Pvalb (Cy5) and one of the three ion channels (Cy3) was
measured along the lines in a single-plane confocal microscopic image of the cell soma. The
extracellular membrane location was defined by the Pvalb signal onset when moving from the
extracellular to the intracellular direction within the line analysis. This point was marked as 0 and
defined as follows: (average extracellular fluorescence pixel value minus average intracellular
fluorescence pixel value)/2. In the pooled analysis, all lines were aligned at the 0-point. The
fluorescence signal for ion channels was averaged from the extracellular space (-3.0 to -0.5 pm
from the 0-point) and used as a reference signal for the rest of the line. The average extracellular
site signal for each cell was subtracted from the line pixels at the membrane (-0.5 to +0.5 pm from
the 0-point) and the pixels in the intracellular cytoplasm (+0.5 to +1.5 pm from the 0-point).
Extracellular cite fluorescence intensity was similar between species (Kv1.1, p=0.06, n=31 and 31;
Kv1.2, p=0.835, n= 32 and 59) (Mann-Whitney U-test). The intracellular cite measurement was
taken from the vicinity of the extracellular membrane to capture the cytoplasm and avoid the
nucleus. (The nucleus was not visualized in the immunostainings to determine when the
intracellular line moves from the cytoplasmic site into the nucleus.) Medians and upper and lower
quartiles were calculated for each position along the lines. In each cell, the average extracellular
site signal (from 24 lines) was also used as a reference for pixels in the axon. The pixels of the
axonal line for ion channel fluorescence intensity had the same average subtracted as the
extracellular lines of the cell. Fluorescence measurement line in the axon had 50 pixels per um. To
analyze AIS immunofluorescence in z-stack images, we used an in-house macro of ImagelJ software
(US National Institutes of Health, Bethesda, MD, USA) and a custom-made script (Ollion et al.,
2013) developed by Dr. Adam Tiszlavicz to determine the length and proximal and terminal points
of the AIS (visualized by beta-IV-spectrin immunoreaction) using the Euclidean distance formula
by manually marking the points. We measured the fluorescence intensity profiles along the axon
following a polyline of the connected points to establish the entire fluorescence signal line for the

immunofluorophore signals. The AIS lengths were normalized (expressed as 10 bins) to the
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proximal and terminal distances because of the different lengths of the AIS, and the intensity was
normalized to the maximum and minimum values of the binned data. The immunoreaction intensity
of the ion channel was measured in parallel with Pvalb (CyS5) and beta-I'V-spectrin (Alexa 488) in
the Cy3 fluorescence channel. The immunofluorescence values of axonal data pixels were
referenced to the average extracellular site intensity of each cell, using the same reference as for

radial line pixels.

dStorm microscopy

The dStorm microscopy measurements were made by Balint H. Kovécs. Super-resolution
dSTORM measurements were performed on a custom-made inverted microscope based on a Nikon
Eclipse Ti-E frame with an oil immersion objective (Nikon CFI Apo TIRF 100XC Oil, NA = 1.49).
Epifluorescence illumination was applied at an excitation wavelength of 647 nm. The laser
intensity was set to 2 to 4 kW/cm? on the sample plane and controlled via an acousto-optic tunable
filter. An additional laser (405 nm, Pmax = 60 mW; Nichia) was used for reactivation. A filter set
from Semrock (including a Di03-R405/488/561/635-t1-25 x 36 BrightLine quad-edge super-
resolution/TIRF dichroic beam-splitter and FF01-446/523/600/677-25 BrightLine quad-band
bandpass filter, and an additional AHF 690/70 Hemission filter) was inserted into the microscope
to separate excitation from emission wavelengths. Images of individual fluorescent dye molecules
were captured by an Andor iXon3 897 BV EMCCD camera (512 % 512 pixels with 16 pm pixel
size) with the following acquisition parameters: exposure time = 20 ms; EM gain = 200;
temperature = —75°C. Typically, between 20,000 and 25,000 frames were captured from a single
region of interest. The Nikon Perfect Focus System was used to keep the sample in focus during
measurements. High-resolution images were reconstructed with the rainSTORM localization
software (http://laser.cheng.cam.ac.uk/wiki/index.php/Resources). Spatial drift introduced by
either mechanical movement or thermal effects was analyzed and reduced using an autocorrelation-
based blind drift correction algorithm. Background autofluorescence was calculated as the
weighted moving average of neighboring pixel values and subtracted from each frame before the
localization step. Using this subtraction method, pixel values within the noise level carried more
weight because they do not belong to a fluorescent burst of a switching fluorophore. The detected
localizations were filtered based on the fitting parameters (e.g., sigma values, residue, and

intensity). The pixel size of the final pixelized super-resolution images (typically 20 nm) was set
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based on the localization precision and localization density. The dSTORM experiments were
conducted in a GLOX switching buffer, and the sample was mounted onto a microscope slide. The
imaging buffer was an aqueous solution diluted in PBS containing the GluOx enzymatic oxygen
scavenging system, 2,000 U/mL glucose oxidase (Sigma-Aldrich, catalog number: G2133-50KU),
40,000 U/mL catalase (Sigma-Aldrich, catalog number: C100), 25 mM potassium chloride (Sigma-
Aldrich, catalog number: 204439), 22 mM tris(hydroxymethyl)aminomethane (Sigma-Aldrich,
catalog number: T5941), 4mM tris(2-carboxyethyl)phosphine (TCEP) (Sigma-Aldrich, catalog
number: C4706) with 4% (w/v) glucose (Sigma-Aldrich, catalog number: 49139), and 100 mM (-
mercaptoethylamine (MEA) (Sigma-Aldrich, catalog number: M6500). The final pH was set to 7.4.

Nucleus collection for patch-sequencing

We collected the nuclei of cells that exhibited the fast-spiking phenotype. Before collecting
the data, we made sure to thoroughly clean all surfaces, equipment, and materials by wiping them
with DNA AWAY™ (Thermo Fisher Scientific) and RNaseZap™ (Sigma-Aldrich, St. Louis, MO,
USA). We cleaned the perfusion with 50 mL of 70% ethanol. After the electrophysiological
recording, we centered the pipette on the soma and applied a constant small negative pressure to
start extracting the cytosol. This helped attract the nucleus to the tip of the pipette. We maintained
the negative pressure and slowly retracted the pipette while monitoring the pipette seal. Once the
nucleus was visible on the pipette tip, we increased the speed to remove the pipette from the slice.
We then removed the pipette containing the internal solution, cytosol, and nucleus from the pipette
holder and expelled its contents into a 0.2-mL tight-lock PCR tube (TubeOne, StarL.ab, Hamburg,
Germany). The tube contained 2 pL of lysis buffer consisting of 0.8% Triton X-100 (Sigma-
Aldrich) and 1 U/uL RNase inhibitor (Takara, Kyoto, Japan). The internal solution comprised the
following components: 110 mM K-gluconate (Sigma-Aldrich), 4 mM KCI solution, RNase-free
(Invitrogen), 10 mM HEPES solution (Sigma-Aldrich), 1 mM ATP-Mg (Sigma-Aldrich), 0.3 mM
GTP-Na (Sigma-Aldrich), 10 mM sodium phosphocreatine (Sigma-Aldrich), 0.2 mM EGTA
(Sigma-Aldrich), 20 pg/mL RNA-grade glycogen solution (Thermo Fisher Scientific), and 0.5
U/uL RNase inhibitor (Takara). We then spun down the resultant sample (approximately 4.0 uL)
for 2 s and placed it on dry ice. Finally, we stored the sample at —80°C until in-tube reverse

transcription.
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cDNA amplification and library construction

To prepare the libraries, we used a protocol based on the SmartSeq2 procedure (Hennig et
al., 2018; Picelli et al., 2014). Briefly, cDNA was generated and amplified by 24 PCR cycles for
all samples, including the negative controls. We augmented the cDNA to add indexes and adapter
sequences, pooled them equimolarly, and then sequenced our samples on the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) with a 50 single-end read mode. Each sample was

sequenced to around 1-2 million reads.

Sequencing data processing

The study used 66-base paired-end reads that were aligned to GRCh38 using the annotation
GTF file (GRCh38 193) retrieved from Ensembl. Sequence alignment was performed using STAR
v2.7.11a (Dobin et al., 2013). The default parameters were used with the following arguments: --
soloType SmartSeq --soloUMIdedup Exact --soloStrand Unstranded --soloFeatures GeneFull. Full
gene counts, including intron and exon counts, produced by STAR were used to calculate the TPM

values, which were used for subsequent analyses.

Identification of Pvalb neurons based on single-nucleus
transcriptomics analysis

The transcriptomic data of individual cells were uploaded to the Allen Institute neuron type
identification system to categorize neocortex neuron types by the genes expressed (Allen Institute
for Brain Science, 2024, MapMyCells, available from https://knowledge.brain-
map.org/mapmycells/process/ (RRID:SCR _024672)), allowing Pvalb neuron identification in cells
in which PVALB/Pvalb expression was below the detection limit. This algorithm uses a set of
marker genes to predict the cluster/supertype of the cells based on their corresponding single-

nucleus dataset.

For human samples, the Seattle Alzheimer’s Disease Brain Cell Atlas reference taxonomy
was used with the Deep Generative Mapping algorithm, whereas mouse cells were classified using
the 10X Whole Mouse Brain reference taxonomy with the hierarchical mapping algorithm. Only
cells classified as Pvalb neurons at p > 0.9 were included in further analysis
(supertype bootstrapping_probability). Our single-nucleus gene expression data from human
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samples highly correlated with the Allen Institute high-resolution database of specific Pvalb neuron
subtypes (subclass correlation coefficient > 0.5 with the 10X Whole Human Brain dataset using

the correlation mapping algorithm).

Results

We investigated the electrophysiological properties of fast-spiking basket cells in layer 2/3
of the human neocortex using somatic whole-cell patch-clamp recordings. Cells were identified
based on narrow action potentials, narrow axonal current and minimal spike frequency adaptation.
Post hoc visualization via biocytin labeling confirmed the morphology and Pvalb expression
through immunohistochemistry or patch-sequencing (Fig 1A1-A2). Recordings were primarily
obtained from frontal and temporal cortices, with additional data from other neocortical regions.
For interspecies comparison, fast-spiking Pvalb neurons were also recorded in the frontal and

parietal cortex of pvCre-tdTomato mice (Fig 1A3-A4).
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Figure 1. (A) Identification of Pvalb interneurons in human and mouse neocortex layer 2/3. (A1) Left: Most
of the recorded cells were filled with biocytin for post hoc visualization of their structure with streptavidin fluorophore.
The cells were analyzed for the neuronal marker parvalbumin by fluorescence immunohistochemistry. Left: Visualized
human Pvalb neuron after biocytin filling. Right: Confocal fluorescence images showing Pvalb-immunopositive axon
boutons of the same cell. (A2) Alternatively, cells were analyzed for Pvalb mRNAs by patch sequencing. The ordinate
shows Pvalb neuron subtypes identified by their gene expression using the Allen Institute Neocortical Neuron Type
Identification System. (A3) Mouse Pvalb neurons were identified using a genetic fluorophore in Pvalb neurons. (44)
Cells were patch-sequenced and analyzed for Pvalb expression. The ordinate shows the mouse Pvalb neuron subtypes

as identified by the Allen Institute Neuron Type Identification System.
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Somatic HCN Channels speed up Spike Generation (Research study
D)

This study compared the electrophysiological properties of fast-spiking GABAergic basket
cells in the human and mouse neocortex. Human Pvalb basket cells exhibit strong somatic HCN
channel activity, which is either absent or weak in rodents. HCN channels have been shown to
depolarize the resting membrane potential, accelerate membrane potential dynamics, and reduce
the delay between excitatory postsynaptic potentials (EPSPs) and action potential generation.
Human, but not mouse cells, show a distinctive somatic sag potential characteristic of HCN channel
activation, confirmed through pharmacological blockade experiments. By using
immunofluorescence staining, it was found that human Pvalb basket cells abundantly express
HCN1 and HCN2 channels in their soma membrane, whereas these channels are sparse in mouse
basket cell somata. These differences enable human cells to achieve input-output performance
comparable to that of mouse cells, despite their inherently slower baseline dynamics. The findings
of the study indicate that somatic HCN channels significantly enhance the speed of membrane

potential kinetics in human basket cells, as also supported by computational modelling.

Human, but not mouse basket cells have a robust HCN-mediated sag potential

Whole-cell current-clamp recordings from human fast spiking cell somas revealed a
significant membrane potential drop at the onset of hyperpolarization from -70 mV to -90 mV (step
duration: 250-500 ms) (Fig. 2A). In contrast, similar voltage steps did not elicit a significant
somatic hyperpolarization-induced membrane potential sag in the majority of mouse fast spiking
Pvalb cells (Fig. 2B). The voltage sag in human fast-spiking interneurons was blocked by the HCN
channel antagonist ZD7288 (10 uM) (P <0.001 using Wilcoxon signed-rank test, n = 24). This was
measured by changing the membrane potential from —70 mV to —90 mV (Fig. 2C). Furthermore,
drug wash-in (over a period of 3—5 minutes) was associated with a significant hyperpolarising shift
from a median resting potential (Em) of —62.0 mV (IQR, —55 to —67.25 mV) to —68.75 mV (IQR,
—56.50 to —74.25 mV), for a median shift of —6.75 mV (IQR, —2.8 to 9.0 mV; P = 0.004 by
Wilcoxon signed-rank test) (n = 22). In contrast, the treatment of mouse fast-spiking Pvalb cells
with ZD7288 (n = 11) did not change Em (median before treatment = —71 mV; IQR, —54 to —74
mV; median after treatment = —72 mV; IQR, —60 to —78 mV; P = 0.148 by Wilcoxon signed-rank
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test). These results suggest somatic HCN expression is a distinguishing feature of human Pvalb
interneurons. These results are in line with the findings of previous studies showing axonal HCN
expression in rodent neocortical Pvalb cells (Albertson et al., 2017; Goldberg et al., 2011; Yang et
al., 2018).
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Figure 2. Human, but not mouse fast-spiking basket cells show a strong somatic HCN channel-mediated sag
potential. (4) Somatic sag potentials recorded from human fast-spiking Pvalb interneurons, membrane potential
responses to hyperpolarising current steps delivered from —70 mV. The traces that reach a peak potential of -90 mV
show the hyperpolarisation-activated sag potential in three of the four sample neurons in normal conditions (blue
traces). Gray traces show the same cells' responses when they were exposed to ZD7288. Red markings indicate the
amplitude of the sag potential. (B) Membrane potential traces from two types of mouse Pvalb neurons. The green traces
show the control conditions and the gray traces show the conditions where the neurons were exposed to ZD7288. Note

that Cell m4 shows a small sag. (C) Summary of ZD7288 effect on sag amplitude recorded from 24 human Pvalb cells.

We then examined the potential associations between this hyperpolarisation-evoked sag and

the patients’ clinicodemographic data. Our findings revealed no significant association between sag
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amplitude and age from 20 to 82 years (R = 0.139, P = 0.25 by Pearson's correlation for sag
amplitude versus age, n = 72) (Fig. 3A). The cortical area also did not show a correlation with sag
amplitude. A robust sag was identified in fast-spiking cells from the frontal cortex (n = 35), the
temporal cortex (n = 24), and other cortical regions (n = 13), including the occipital, parietal, and
paraventricular areas (P = 0.13, using analysis of variance (ANOVA) on ranks) (Fig. 3B).
Furthermore, sag amplitude exhibited no significant differences between sexes (female n = 46,
male n = 26, P = 0.34, Mann—Whitney U test) or between left and right cerebral hemispheres (left
n =20, right n =49, P = 0.43 using Mann—Whitney U test). Sag amplitudes did not vary according
to primary diagnosis for neurosurgical procedures, with robust sag amplitudes observed in tissues
resected for tumour (n = 47), hydrocephalus (n = 14), aneurysm (n = 6), and other conditions (n =
5) (P = 0.35 using ANOVA on ranks) (Fig. 3C). These findings suggest the presence of a

constitutive and universal sag in the soma of human fast-spiking cortical basket cells of all ages.
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Figure 3. The correlation between sag amplitude and the clinical and demographic data of the patient. (4)
The sag potential in human fast-spiking basket cells is seen at all ages from 20 to 82 years. (B) There is also no

correlation between sag amplitude and brain area and (C) diagnoses.
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HCN channels are expressed on the somata of human cells, but not in mouse

cells

Double immunofluorescence staining was performed with parvalbumin (Pvalb) and HCN1
or HCN2 antibodies. Pvalb, as a marker protein is widely used for identifying fast-spiking
interneurons in the neocortex (Hu et al., 2014; Krienen et al., 2020; Rudy et al., 2011). We studied
HCNI or HCN2, the two dominant HCN channel isoforms. By using confocal microscopy, we
observed strong HCN1 and HCN2 immunoreactivity on the soma membrane of human but not
mouse Pvalb cells (Fig. 4A-D). Subsequently, a quantitative analysis was conducted on HCN and
cell marker immunoreactivity, using confocal images based on radial immunofluorescence
intensity measurement lines (Fig. 4A1-D1). Each line quantified Pvalb cell-associated fluorophore
emission from immunolabeled HCN1 or HCN2 channels over a distance of 8 um from the cell
soma centre to the extracellular space (Fig. 4A2-D2). A total of 2340 lines were analysed from 390
human and mouse Pvalb cells. Human fast-spiking interneurons exhibited intense Pvalb
immunofluorescence in the soma, whereas mouse cells exhibited intense somatic emission from
tdTomato, the transgenic fluorophore driven by the Pvalb promoter. In both cell types, the
intracellular emission was found to originate from the nucleus and cytoplasm. In line with the
analysis of the membrane, the plasma membrane appeared as a narrow zone in which the Pvalb (or
tdTomato) fluorescence signal rapidly disappeared (Fig. 4A2, A3, D2 and D3). The
immunofluorescence intensities of the HCN1 and HCN2 channels, as well as the intracellular
marker signal, were measured and subsequently quantified in the cytoplasm, at the somatic
membrane zone, and in the extracellular space (defined by the absence of intracellular signal). The
measurement process is illustrated in Figure 4A3-D3. Radial pattern line analysis of HCN1 and
HCN2 expression by human Pvalb cells is demonstrated in Fig. 4A1-A3 and B1-B3, whereas the
results for mice are presented in Fig. 4C1-2C3 and D1-2D3.
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Figure 4. HCNI and HCN?2 channel localization at somatic cell membrane of human is stronger than mouse
Pvalb cells. Panels A-D present analogous experiments in human with HCNI (A1-3) and HCN2 (B1-3), and mouse
with HCNI1 (C1-3) and HCN2 (D1-3) stainings. (A1, Bl1) Confocal immunofluorescence image of a basket cell in
human neocortex L2/3 with Pvalb labeled using Alexa 488 as the fluorophore and HCN1 and HCN2 using Cy3 as the
Sfluorophore. Immunofluorescence intensity was measured along six 8-um long radial lines (i to vi). (42, B2)
Immunofluorescence intensity (ordinate) from Pvalb (gray line) and HCNI/HCN?2 (black line) measured along lines i
to vi starting from the cell soma center (left) and crossing the soma plasma membrane to the extracellular space (right).
(A3, B3) Average Pvalb (top) and HCN1/HCN2 (bottom) immunofluorescence signals along the six measurement lines
for the cell shown in A,B1-2. Lines are aligned to the midpoint of the plasma membrane zone, which is marked by a
shaded blue background. The plasma membrane zone is defined as a 1 um-wide region at the point where the plasma
membrane signal descends. (C1, DI1) Confocal fluorescence image of a Pvalb-positive (pvCre-tdTom) mouse basket
cell immunostained for HCNI and HCN2 using Alexa 488 as the fluorophore. (C2, D2) Line analysis of a mouse Pvalb
cell expressing tdTomato and also immunostained for HCNI/HCN2 showing the absence of a clear HCNI/HCN2
immunofluorescence peak within the plasma membrane zone. (C3, D3) Averaged line analyses of Pvalb-associated

[fluorescent signals (top) and HCNI/HCN2 immunofluorescence (bottom) for the cell shown in C,DI1-2. The plasma

membrane zone is indicated by green background.
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The immunofluorescence intensity of human Pvalb cell HCNI (in units) increased 3.42-
fold (IQR, 2.56- to 4.78-fold) at the cell soma membrane zone in comparison to the extracellular
space, and a 2.25-fold (IQR, 1.77- to 2.65-fold) higher than that in the cell soma intracellular space
(n =720 lines in 120 cells sampled from 8 patient tissue samples, 15 cells per sample) (Fig. SA).
In a similar manner, HCN2 immunofluorescence intensity was 5.22-fold (IQR, 4.01- to 6.56-fold)
higher at the membrane zone than that in the extracellular space and 2.74-fold (IQR, 2.42- to 3.18-
fold) higher than that in the soma intracellular space (n = 540 lines in 90 cells sampled from 6

patient tissue samples, 15 cells per sample) (Fig. 5SB).

In contrast, mouse Pvalb cells exhibited increased HCN1 and HCN2 immunofluorescence
signals at the soma plasma membrane in comparison to those in the extracellular space (HCN1
median = 1.51-fold; IQR, 1.41- to 1.68-fold; HCN2 median = 1.58-fold; IQR, 1.43- to 1.83-fold; n
= 540 and 540 lines in 90 cells sampled from 6 mouse tissue samples, 15 cells per sample).
However, the intensities observed in the mouse soma membrane (compared to the extracellular)
were significantly weaker than those measured in the human soma membrane zone (n = 90 and
120, P < 0.001 and < 0.001, respectively, using the Mann—Whitney U test) (Fig. 5SA-B). Mouse
Pvalb cells also exhibited stronger HCN1 and HCN2 signals in the somatic intracellular space than
human Pvalb cells. The plasma membrane intensity of HCN1 and HCN2 emission reached 0.70-
fold (IQR, 0. 65- to 0.75-fold) and 0.63-fold (IQR, 0.56- to 0.73-fold), respectively, of that of the

intracellular somatic space (Fig. SA-B).

As 1illustrated in Figure 5C, statistical analyses were performed to compare the
immunofluorescence intensities of HCN1 and HCN2 between species, both within the membrane
and extracellular space. Using the analysis of variance (ANOVA) on ranks with Dunn's post hoc
pairwise test, a statistically significant difference (P < 0.001) was identified between species for
membrane versus extracellular space measurements. A similar result was observed for membrane
versus intracellular space measurements, where again a statistically significant difference (P <

0.001) was identified between species using the same statistical tests.
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Figure 5. Histograms summarizing HCNI and HCN2 immunofluorescence intensity levels at the soma plasma
membrane for 390 Pvalb cells. The bin size has been set to 0.25. (A) The top image displays the HCNI
immunofluorescence intensity at the plasma membrane zone in comparison to the extracellular space for human (blue
bars) and mouse Pvalb-expressing basket cells (green). The bottom image depicts the HCNI immunofluorescence
intensity at the soma plasma membrane compared to the intracellular space. (B) The top image illustrates the HCN2
immunofluorescence intensity ratio at the cell membrane zone versus the extracellular space for human (blue bars)
and mouse Pvalb-expressing basket cells (green). The bottom image provides additional information on HCN2
immunofluorescence intensity at the cell membrane versus intracellular space. The ratio of 1 at the abscissa is
indicated in red and with a vertical dotted line. (C) HCNI1 and HCN2 immunofluorescence localization results for
Pvalb cells for both species. The top image shows a summary of the measurements of the membrane versus
extracellular site in human (blue line) and mouse (green line) for HCNI (solid line) and HCN2 (dotted line). The
bottom image shows HCNI and HCN2 immunofluorescence intensity measured at the cell membrane versus

intracellular space.

In addition, the definition of the cell membrane zone used for analysing the
immunofluorescence intensity of HCN1 and HCN2 was validated by examining the localisation of
Kv3.1 potassium channels. It is well established that these channels are also enriched at the somatic
membrane of fast-spiking Pvalb neurons (Goldberg et al., 2011; Jing Du, 1996; T.F. Freund, 1996).
As illustrated in Figures 6 A and B, immunoreactivity patterns for Kv3.1 were determined based
on fluorescence intensity line analysis of human and mouse Pvalb cells, respectively. In both human
and mouse Pvalb cells, Kv3.1 immunofluorescence was localised to a narrow zone at the edge of

the intracellular Pvalb fluorescence signal.
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Figure 6. The plasma membrane zone was verified in human (A) and mouse (B) images by

immunofluorescence labeling for Kv3.1 potassium channels, which are characteristically enriched at the somatic
membrane. (A1) Top: Confocal immunofluorescence image of Pvalb immunoreactivity in a human L2/3 cell (where
Cy3 is the fluorophore), costained for Kv3.1 (where Alexa 488 is the fluorophore). Immunofluorescence intensity was
measured along radial lines i-vi. Bottom: Line analysis of lines i-vi for Pvalb and Kv3.1 immunofluorescence. (A2)
Average of line analyses from Al. (B1) Top: Confocal fluorescence image of a mouse basket cell showing fluorescence
signals from Pvalb (pvCre-tdTomato) and Kv3.1 (Alexa Fluor 488). Also shown are radially patterned intensity
measurement lines i-vi. The bottom image displays the line analyses (i-vi) and B2) average of aligned fluorescence

intensity traces, showing the Kv3.1 signal peak at the plasma membrane zone.

dSTORM super-resolution microscopy reveals HCN channels

To provide further evidence that the immunofluorescence signals of HCN originate from
the membrane surface, the localisation of the immunofluorescence was investigated in selected
tissue sections from humans and mice using appropriate antibodies and the dSTORM super-
resolution technique, which achieves a spatial resolution of less than 0.1 um for fluorophore signal
analysis. These dSTORM immunofluorescence images showed antibody binding (fluorescent
signals) concentrated in a narrow layer around the cell body of human Pvalb neurons and a clear
contrast between apparent cell membrane areas and both extra- and intracellular spaces for HCN1
(Fig. 7A1-A2), HCN2 (Fig. 7B1-B2) and Kv3.1 (Fig. 7C1-C2). Nevertheless, similar images of
mouse Pvalb cells showed areas of punctate HCN1 and HCN2 fluorophore signal distributed
throughout the cell body rather than at the soma membrane, likely reflecting clusters within the
cytoplasm (Varga et al., 2008). Figures 7 D and E show dSTORM images of typical mouse Pvalb
cells in which there is no clear immunofluorescence signal contrast between the apparent
membrane areas and both the extra- and intracellular spaces for HCN1 (Fig. 7D1-D2) and HCN2
(Fig. 7E1-E2). By contrast, dSTORM imaging of Kv3.1 immunoreactivity in mouse tissue revealed

fluorophore molecules concentrated in a narrow layer around the Pvalb cell body in apparent
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extracellular membrane spaces (Fig. 7F1-F2), similar to Kv3.1 immunoreactivity in human Pvalb

cells.

Figure 7. Somatic HCNI, HCN2 and Kv3.1 channels in human and mouse Pvalb interneurons visualised by
dSTORM super-resolution immunofluorescence microscopy. (A-C) dSTORM super-resolution images showing high-
resolution immunofluorescence labelling of HCNI, HCN2 and Kv3.1 channels in human Pvalb cells. Pvalb
immunoreactivity is shown in paired confocal images. (4) dASTORM image of HCN1 immunolabeling (A1) using Alexa
647 as fluorophore paired with confocal image of Pvalb immunoreactivity (A2) using Cy3 as fluorophore. (B) dASTORM
image of HCN2 immunolabel (Bl) using Alexa 647 as fluorophore paired with confocal image of Pvalb
immunoreactivity (B2) using Cy3 as fluorophore. (C) dSTORM image of Kv3.1 potassium channel immunostaining
using CF568 fluorophore (Cl) paired with confocal image of Pvalb immunoreactivity using Alexa 488 fluorophore
(C2). (D-E) Mouse Pvalb cell with weak or absent HCN1 or HCN2 immunofluorescence at the cell soma membrane.
dSTORM images of HCNI1 (D1) and HCN2 (E1) immunoreactivity using Alexa 647 fluorophore are paired with
confocal images of Pvalb-associated fluorescence (tdTomato) (D2 and E2). (F) dSTORM image of Kv3.1 immunolabel
(F1) with Alexa 647 fluorophore coupled with confocal image of Pvalb-associated intracellular fluorescent signal
(F2).
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The Model Cell Shows the Significance of the HCN Channel in Human

Neurons

In order to provide theoretical support for the functional importance of HCN channel
activity in human cortical basket cells, a model neuron was constructed with a somatic
compartment, primary dendrite, and axon (Ratkai et al., 2021). The axonal and dendritic cable
compartments were designed with a length of 200 um and a diameter of 1.2 um. The model cell
incorporated a persistent non-inactivating leak current in all compartments, along with standard
Hodgkin—Huxley-type spike-generating Na" and K* conductances, and a slowly activating M-type
K" current in axonal and somatic compartments. The M-type K* current exhibited a reproducible
gradual increase in interspike interval, analogous to that observed in biological neurons, during
positive current steps up to +40 pA (Fig. 8A1 and 8B1). It was also found that somatic and dendritic
compartments contained HCN currents and inward-rectifying K" currents (Kir) (Hammack et al.,
2007; Hazra et al., 2011). The Kir conductance replicated the decreased input resistance that was
observed during the application of hyperpolarising currents from —20 to —100 pA in the presence
of ZD7288 (Fig. 8A2 and 8B2). The assumption was made that 65% of the sag amplitude in the
soma was mediated by local HCN channels, as indicated via our outside-out experiments, whereas
the remaining 35% was generated in the model by conductance of HCN channels (gHCN) localized
at the primary dendrite. The model parameters were set based on the real responses of sample cell
h35 (Fig. 8A1-8A3), a fast-spiking basket cell showing a 5-mV sag during hyperpolarisation to
—90 mV from -70 mV. These responses were then simulated (Fig. 8B1-8B3) in order to obtain
current—voltage relationships (both passive and active) as well as sag amplitude, kinetics, and
voltage dependence. These were matched to the responses of cell h35 under both baseline
conditions and in the presence of ZD7288. Indeed, these simulations reproduced the membrane
potential changes, firing responses to depolarizing current steps, sag amplitude voltage
dependence, and rebound firing following hyperpolarizing steps observed in cell h35 (Fig. 8Al
and 8B1). The simulation demonstrated that the activation of gHCN, which is responsible for the
somatic voltage sag as previously described, also results in a depolarising shift of Em by 5 mV
(Fig. 8A1, 8B1, and 8C1-8C4). Subsequently, an investigation was conducted into the contribution
of gHCN to spike generation by EPSC input, generated by a synaptic glutamatergic-type

conductance (0.5 nS to 20 nS), at the soma. As with our dynamic clamp experiments, this generated
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EPSPs to produce the shortest spike delay close to 3 ms (Fig. 8C). Large monosynaptic EPSCs
with conductances between 5 and 15 nS have been reported in L2/3 human basket cells (Molnar et
al., 2008; Szegedi et al., 2017; Szegedi et al., 2016), and the EPSP—spike responses evoked in this
conductance range were sensitive to perisomatic gHCN. The simulation results demonstrated that
perisomatic gHCN reduces the EPSC amplitude required to elicit spiking at the resting membrane
potential (Fig. 8C) when gradually increased from 0 nS to partial somatic gHCN (50% of that
measured in cell h35), physiological (100% of that measured from cell h35), and up to 150%. The
effect of physiological HCN activity is indicated by the difference in response between Fig 8Cl1
(total absence of gHCN in cell h35) and Fig 8C3 (simulation replicating physiological gHCN as
shown in Fig 8 A1 and 8B1). Finally, it was found that the simulated EPSC-to-spike delay became
progressively shorter as the somatic gHCN was increased from 0% to 50%, 100%, and 150% of
the real somatic gHCN value at the soma of cell h35 (Fig. 8C1-8C4).
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Figure 8. Computational modeling reveals how perisomatic HCN conductance modulates
excitability and input—output function in human basket cells. () Electrophysiological recordings from human
fast-spiking interneuron h35. (A1) Responses to 500-ms current steps from —100 pA (blue) to +20 pA (red) at resting
membrane potential (Em = —57 mV); ZD7288 abolishes sag and rebound firing at Em = —62 mV (blue dots mark
rebound spikes). Inset: schematic of whole-cell recording. (A2) Peak hyperpolarization (Vm) plotted against step
amplitude before (open) and after ZD7288 (solid). (A3) Sag amplitude (Vsag) at baseline (open) and after ZD7288
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(black) across increasing hyperpolarizing steps. (B) Biophysical model of h35 replicates sag and rebound (top),
removing HCN abolishes both (bottom) and shifis Em negatively. Inset: model schematic. (B2) Peak Vm vs. current
for soma and 200 um dendrite with physiological gHCN (open) or gHCN = 0 nS (black). (B3) Sag amplitude with and
without gHCN at soma and dendrite. (C1) EPSPs and EPSP-spikes at gHCN = 0. Top: EPSPs evoked by 1—-6 nS EPSC
at —62 mV; AP generated at 6 nS (red). Middle: Spike delay (EPSC-to-spike) plotted vs. gEPSC (0.5-20 nS), red dot
= 6 nS. Inset: EPSC simulation schematic. Bottom: Activation curves for M-current (brown) and Kir (blue). (C2)
Model with full dendritic and 50% somatic gHCN. Top: APs evoked at 5 and 6 nS EPSC (red) at Em = —59 mV. Middle:
Spike delay vs. gEPSC (red dot = 6 nS). Bottom: M-, Kir-, and HCN activation curves for soma (black) and dendrite
(gray). (C3) Model with full somatic and dendritic gHCN. Top: APs triggered at 6 nS (red) from Em = —58 mV. Middle:
Spike delay vs. gEPSC; red dot = 6 nS.Bottom: Activation of M-, Kir-, and HCN currents with full gHCN in both
compartments. (C4) Model with full dendritic and 150% somatic gHCN. Top: APs triggered at 6 nS (red) from Em =
=57 mV.
Middle: Spike delay vs. gEPSC (red dot = 6 nS). Bottom: M-, Kir-, and HCN activation curves with enhanced somatic
gHCN.

Kir Channels Regulate Subthreshold Excitability (Research study 1)

While neurons in the mammalian brain are largely similar, species-specific specializations
exist, particularly in the neocortex, which governs complex brain functions. In humans, neocortical
inhibitory interneurons have higher excitability than in rodents due to reduced passive ion leakage.
However, the role of voltage-gated ion channels in regulating human interneuron excitability
remains unclear. In rodents, parvalbumin-expressing (Pvalb) neurons, rely on Kir potassium
channels to regulate excitability by lowering membrane resistance below the action potential (AP)
threshold (Platkiewicz & Brette, 2010). However, Kir channel function in human Pvalb neurons is
largely unexplored. Using whole-cell patch-clamp recordings on human and mouse neocortex
slices, we have found that Kir channels similarly control subthreshold membrane resistance in both
species. Despite homo sapiens neurons having higher absolute resistance, Kir activation
proportionally reduces input resistance in both humans and mice. Molecular and imaging analyses
confirmed the presence of Kir3.1 and Kir3.2 channels in Pvalb neurons of both species. A
computational model based on whole-cell recordings demonstrated how somatic Kir currents

regulate input excitability in humans and mice.

The input rectification ratio is similar in human and mouse

To characterize the voltage dependence of input resistance, we applied square-pulse current

steps (250-500 ms) at -70 mV in whole-cell current clamp mode to depolarize and hyperpolarize
43



Emoke Bakos — PhD Thesis

the membrane potential with voltage steps. We then systematically measured somatic input
resistance (Rin) at steps to -60 mV, -80 mV, and -90 mV. The results of the human and mouse cell
recordings are illustrated in Fig. 9A1-4. A significant increase in Rin at all membrane potentials
was observed in human neurons compared to mouse cells (MANOVA). The Rin values for human
Pvalb neurons at -60 mV, -80 mV, and -90 mV were 291.9 + 206.1 MQ, 256.2 + 183.4 MQ, and
238.8 £ 171.8 MQ, respectively (n = 34 cells). In the case of mouse Pvalb neurons, the Rin value
was found to be 135.2 £ 53.3 MQ at -60 mV, 115.5 £ 44.5 MQ at -80 mV, and 103.1 + 40.8 MQ at
-90 mV (n = 25) (Fig. 9B1). However, human and mouse Pvalb neurons exhibited a comparable
proportional decrease in Rin following hyperpolarisation of the membrane potential. The Rin
decreased in human Pvalb cells at -90 mV in comparison with Rin at -60 mV by 18.2%, and in
mouse by 23.8%. This resulted in an input rectification ratio (rRin) of -90 mV/-60 mV of 0.77 £+
0.09 in human and 0.81 £+ 0.08 in mouse, with no difference between the species (human n=32,
mouse n=25, p=0.404, Mann-Whitney U test) (Fig. 9B2). Furthermore, Rin values in the same cells
were tested by applying only negative current steps (up to -90 mV) at -60 mV to achieve a Rin drop
of 19.3% with rRin -90mV/-70 mV of 0.81 £ 0.08 in human and 22.6% with rRin 90mV/-70 mV
of 0.80 £ 0.07 in mouse (human n=31, mouse n=22, p=0.745, Mann-Whitney U test) (Fig. 9B2).
Experiments were performed in the presence of an Th current blocker (ZD, 10 uM) (Szegedi et al.,
2023). The rrin did not show any association with the initial input resistance level in human cells
(r=0.195, p=0.294, n=32) but mouse the cells with higher Rin also showed stronger Rin
rectification rrin (r=-0.685, p<0.001, n=25) (Spearman correlation test) (Fig.9C). The results show
that rrin 1s similar in human and mouse neurons despite the human neurons have consistently higher
Rin. In addition, the input resistance drop by hyperpolarization was similar in human Pvalb neurons

with high or low input resistance.
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Figure 9. Human and mouse Pvalb neurons show an identical decrease in input excitability by membrane
potential hyperpolarization, despite their different input resistance. (A1) Rin at different Vm in human cell. (A2) Left:
Vm was depolarized or hyperpolarized to different Vim values at rest (-60 mV) by square pulse current steps (right).
One step (-100 pA) is highlighted in red and indicated by an arrow to show the change in Vm. (A3) Rin at different Vi
in a mouse Pvalb neuron. (A4) Vm responses to current pulses in a mouse neuron. (B1) Rin measured by -10 mV (left)
or +10 mV (right) voltage steps at -60 mV membrane potential in human and mouse Pvalb neurons. (B2) The
rectification ratio of Rin (rRin) measured at -60 mV resting potential for the ratio -90 mV/-70 mV (left) or at -70 mV
Jfor the ratio -90 mV/-60 mV Rin (right) are similar in human and mouse Pvalb neurons. (C) The rectification ratio of
Pvalb cell input resistance (rRin) is not associated with input resistance (Rin) in human neurons, but shows a

correlation in mouse.
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Input Resistance Rectification is Generated by Kir Channels

We investigated the mechanism by which Kir channels regulate the input resistance
associated with membrane potential hyperpolarisation in Pvalb neurons. The application of barium
(Ba**, 100 uM) into the extracellular solution resulted in a reduction of the voltage dependence of
Rin in both species: The rRin in human cells changed from 0.78 £+ 0.02 (measured in the control
baseline) to 0.88 £ 0.05 in the presence of Ba?>" (10 min wash-in) by suppression of the Rin drop
in hyperpolarizing potentials (n = 7, p = 0.022, Wilcoxon test) (Fig. I0A1-2). A similar effect was
observed in mouse Pvalb cells, where barium reduced rRin from 0.81 + 0.02 (control baseline) to
0.90 £0.06 (n=9, p=0.009, Wilcoxon test) (Fig. 10C1-2). The effect of barium on rRin was found

to be similar in human and mouse Pvalb neurons (p=0.673, Mann-Whitney U-test).
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Figure 10. Pvalb cell input resistance drop by hyperpolarization is reduced by barium in human and mouse.
(A) Extracellular barium (Ba’*, 100 uM) suppresses the decrease of Rin by Vm hyperpolarization (A1) Input resistance
(Rin) of human Pvalb neuron measured at different Vm under control baseline conditions and in the presence of
extracellular Ba** (10 min). (A42) Vm steps in control baseline conditions and in the presence of Ba’*. (BI) Mouse
Pvalb neuron Rin at different Vim in control baseline conditions and with Ba’*, and (B2) traces showing Vm steps in
both conditions. (C1) Plot presenting Input rectification ratio (rRin) in human (blue) and mouse (green) Pvalb neurons
under control baseline conditions and following exposure to Ba2+. rRin was similarly increased by Ba2+ in human

and mouse. (C2) Plot shows rRin in the presence of Ba2+ in the human and mouse.
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Human and mouse Pvalb neurons express Kir3.1 and Kir3.2 mRNA

We used patch-sequencing to examine mRNA levels (transcripts per million, TPM) for
genes encoding Kir potassium channel types in human and mouse Pvalb neurons (Bakos et al.,
2025). Amongst the 15 distinct KCNJ genes (KCNJ1-KCNJ16, except KCNJ7) that encode Kir
potassium channels, the results of the patch-sequencing procedure in human cells (n=21)
demonstrated that the mRNA levels for KCNJ3 and KCNJ6 genes, which encode Kir3.1 and Kir3.2,
respectively, were the most robust (Fig. 11A). Furthermore, mRNA levels of Kir3.1 and Kir3.2
were also observed in mouse Pvalb-expressing neurons (n=10) in lower (for KCNJ3, p=0.012) or
similar (KCNJ6, p=0.07) levels compared to human neurons. Furthermore, human and mouse
Pvalb neurons exhibited divergent expression patterns for KCNJ4 (abundant in human, absent in
mouse, encoding Kir2.3, p=0.018) and KCNJ9 (abundant in mouse, low in human, encoding
Kir3.3, p=0.03). (One-way MANOVA with the post hoc Bonferroni test). The results of the mRNA
levels in patch-sequenced human and mouse neurons are illustrated in Figure 11A. We analysed
the mean transcriptomic profiles of Kir channel genes (KCNJ1-16, except KCNJ7) collected by
the Allen Brain Institute in the human middle temporal gyrus (Bakken et al., 2021; Hodge et al.,
2019). The aim was to compare how L2/3 Pvalb neurons differ between humans and mice. The
database of averaged transcript levels (average of TMP) encompassing the various human and
mouse Pvalb neuron subtypes, as determined by their gene expression patterns, revealed elevated
mRNA levels of Kir3.1 and Kir 3.2 in both species (Fig. 11B), consistent with the mRNA analysis
of our patch-sequenced neuron dataset (Fig. 11A). In human, the levels were higher for both genes
(p<0.001 and p<0.001). In accordance with the patch-sequenced data, mRNA levels for KCNJ9
were found to be robust in mouse cells, while no expression was observed in human cells
(p<0.001). Conversely, expression of KCNJ4 was observed in mouse cells but not in human cells
(p<0.001). There was a significant disparity in TMP levels for KCNJ11-12 with higher levels
detected in mouse cells (p<0.001). This finding was supported by a one-way MANOVA with a post
hoc Bonferroni test, which revealed a difference between species in the patch-sequenced dataset
(Fig. 11A). Both human and mouse Pvalb neurons exhibit the highest level of mRNA for Kir3.1
and Kir3.2 channel type genes, with these genes demonstrating stronger expression in human cells
compared to mouse cells. However, mouse Pvalb neurons also express genes for additional Kir
channel types. The total mRNA expression level (TPM for all Kir-type mRNAs summed up in a

cell) in a neuron was not associated with the strength of the hyperpolarization-associated input
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resistance drop (shown as rRin) (Fig. 11C) (human r:-0.346, p=0.147, n=19; mouse r=0.0714,
p=0.906, n=7. Spearman correlation test). The total amount of KCNJ mRNAs (summed TPM) was
not associated with cell absolute Rin (measured at —70 mV) (human r:-0.384, p=0.105, n=19;
mouse 1:-0.178, p=0.713, n=7).
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Figure 11. Human and mouse Pvalb neurons express high levels of Kir3.1 and Kir3.2 channel mRNA. (A)
mRNA analysis of patch-sequenced human and mouse Pvalb neurons. Heatmap presents the mRNA levels (Transcript

per million, TPM) in individual human (n = 21) and mouse (n = 10) neurons for genes KCNJ1-16 encoding (except
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KCNJ7) Kir family channels, as well as housekeeping genes GAPDH/Gapdh and ACTB/Actb. Abscissa shows
PVALB/Pvalb neurons with their subtype identity defined by neuron’s gene expression pattern with Allen Institute
neocortical neuron type identification system (PVALB/Pvalb neuron type identity codes shown in abscissa). Human
and mouse cells show high mRNA levels for KCNJ3/Kcnj3 (Kir3.1) and KCNJ6/Kcnj6 (Kir3.2) mRNA with
quantitatively higher levels in human. The human and mouse cells also differ in the expression levels of KCNJ4/Kcnj4
(Kir.3.2) and KCNJ9/Kcnj9 (Kir3.3). (B) Heatmap shows the Allen Institute data for KCNJ gene mRNA level (TPM)
averages in the different PVALB/Pvalb neuron subtypes in human and mouse. mRNA levels are high in human and
mouse cell types for KCNJ3/Kcnj3 and KCNJ6/Kcnj6. Mouse cells have higher expression for KCNJ4/Kcnj4,
KCNJ9/Kenj9, KCNJ11/Kenjll, and KCNJ12/Kenjl2. (C) Plot shows lack of association between Kir channel gene
mRNA level (TPM, summed for all KNCJ types) against rRin. rRin = 1 indicates lack of Kir channel effect.

The Kir3.1 and Kir3.2 proteins are expressed in human and mouse neurons

We studied the expression of the two most abundant Kir channels, Kir3.1 and Kir3.2 by
using immunohistochemistry. The double immunofluorescence analysis for Pvalb with either
Kir3.1 or Kir3.2, in parallel with confocal and STORM super-resolution fluorescence microscopy
(Szegedi et al., 2023), revealed the localisation of Kir3.1 and Kir3.2 channel protein in the cells.
Then, a quantitative analysis of Kir3.1 and Kir3.2 with Pvalb immunoreactivity (or TdTomato
fluorescence in mouse) was performed using confocal images of human and mouse cells. This
analysis was based on radial immunofluorescence intensity profiles (Fig. 12A-D). Each profile
measured the emission intensity of Pvalb (or TdTomato in mice) alongside Kir3.1 or Kir3.2,
spanning a distance of 5 um from the center of the cell soma outward to 3 um into the extracellular
space (Fig. 12A1). In total, 24 radial lines per sample were analyzed for both human and mouse
Pvalb-expressing cells. Human neurons exhibited Pvalb immunofluorescence within the soma,
while mouse cells demonstrated intense somatic emission of tdTomato, the transgenic fluorophore
driven by the Pvalb promoter. In the line analysis, the plasma membrane area manifested as a
narrow zone where the Pvalb (or tdTomato) fluorescence signal rapidly decreased, as was the case
in the line analysis in the previous project. Subsequent measurement and quantification of the
immunofluorescence intensities of the labeled Kir3.1 and Kir3.2 channels were then conducted
along the line with the Pvalb signal (Fig. 12A-D). The membrane localisation is clear in the line
analysis of both human and mouse cells, with Kir3.1 fluorescence intensity exhibiting a peak at the
site of immunofluorescence for Pvalb, as illustrated in Figures 12A2 and 12B2. Similar
measurements for Kir3.2 immunofluorescence demonstrate its presence in the cell cytoplasm, as
well as at the cell exterior. Furthermore, Kir3.2 immunofluorescence peak in line analyses was also
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observed at the site where immunofluorescence of Pvalb rapidly disappears (Fig. 12C2 and 12D2).
Line analysis of the immunofluorescence signal for Kir3.1 and Kir3.2 indicates the presence of
these channel proteins within the Pvalb neuron soma membrane in both human and mouse. As
illustrated in Figure 12E1-2, dSTORM immunofluorescence images are shown for Kir3.1 or Kir3.2
channel proteins in selected Pvalb neurons. The images demonstrate the localization of individual

fluorophore molecule signals at the extracellular membrane.
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(A1) Confocal microscope image of immunofluorescence reactions in Pvalb neuron (top) in human neocortex L2/3 for

Kir3.1 (middle), and their merged images (bottom). Immunofluorescence intensity for Pvalb as well as Kir3.1 was
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measured in a radial pattern of lines (shown in yellow in the images) that diverge from the center of the cell soma and
project into the extracellular space. Immunofluorescence intensity was measured along 24 radial lines. (42)
Immunofluorescence intensity (ordinate, arbitrary units) for both Pvalb (red line) and Kir3.1 (blue line) measured
along lines from extracellular space (negative values) to inside the cell soma (positive values) crossing the
extracellular membrane (0-point). The extracellular membrane (0-point) in the lines is determined by the appearance
of the Pvalb immunofluorescence signal. Solid lines show median and dashed lines show the quartiles (Q1 and Q3) of
intensity values in 24 pooled lines. The blue line shows the peak intensity at the extracellular membrane region. (B1)
Confocal fluorescence image of tdTomato (top) in Pvalb neuron in a mouse neocortex L2/3 with immunoreactivity for
Kir3.1 (middle) and the merged image (bottom). (B2) Pooled data from 24 line analyses of tdTomato (red) and Kir3.1
fluorescence (green) in the mouse cell (median and interquartile range). The Kir3.1 intensity peak is located at the
extracellular membrane. (C1) Pvalb and Kir3.2 immunoreaction line analysis in human neurons, and pooled data from
24-line analysis of the fluorescence intensity (C2). Human cell shows Kir3.2 immunofluorescence peak at extracellular
membrane. (D1) TdTomato and Kir3.2 confocal images in mouse cells, and (D2) median and the quartiles of the 24-
line analysis. Kir3.2 immunofluorescence is strongest at the extracellular membrane in the mouse Pvalb neuron. (E)
Black and white micrographs show STORM super resolution images of the immunofluorescence reaction (at cy3) for
Kir 3.1 (E1) and Ki3.2 (E2) with confocal microscope image of Pvalb (cy3, human) and TdTomato (mouse). Arrow
lines in the Storm images indicate Kir3.1 or Kir3.2 antibody locations on the extracellular membrane (compare image

for cytoplasmic parvalbumin immunofluorescence).

A computational single-cell model illustrates how somatic Kir conductance
suppresses excitability

A computational single-cell model was employed to replicate the electrical features of Pvalb
neurons observed in whole-cell recordings. For the purpose of the simulations, a neuron with
intrinsic electrical properties that overlap recorded values in both human and mouse neurons was
selected (neuron H4) when applying input currents in the soma. The model Pvalb neuron was
characterised by a soma with passive leak membrane conductance, HCN-type current, Kv7- and
Kvl-type potassium current in soma and dendrites, and Hodgkin-Huxley action potential current
in axons (Szegedi et al., 2024). The input resistance and capacitance of the model cell were found
to be analogous to those of the actual neuron, and the Vm changes produced by input currents in
the model cell (from -300 pA to +200 pA square pulse in 250 ms steps) were found to be analogous
to those of the real Pvalb neuron (Fig. 13A-C). In order to determine the actual Kir current
conductance required for the Rin rectification ratio observed in whole-cell recordings from real
neurons with a wide range of resting Rin, we simulated the model cell with varying 'resting'

membrane ion permeability by varying the passive leak conductance in the soma between 1 nS and
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11 nS. Furthermore, we simulated a cell with a variable Kir channel conductance (ranging from 0
nS to 20 nS maximal conductance, with approximately 10% and 90% active at -70 mV and -90 mV
Vm values, respectively) localized in the membrane of the model cell's soma (Fig. 13D1-2). The
range of resting Rin values in the simulation covered values measured in real human and mouse
Pvalb neurons during whole-cell recordings. Furthermore, the Kir channel conductance range was
adjusted so that Rin rectification ratios corresponded to those measured in real-life Pvalb neurons
in human and mouse. The voltage dependence of the intrinsic excitability of the model Pvalb
neuron under these conditions is shown in the heat map in Fig. 13D1, and the color coding indicates
the Rin ratio rRin (Rin at -90 mV / Rin at -70 mV). The heatmap demonstrates that the rRin in
neurons with reduced passive leak conductance requires less Kir channel conductance in the soma
to generate the rRin, which is analogous to that observed in cells with elevated passive leak
conductance. Fig. 13D2 demonstrates the dependence of Kir-current conductance on Vm in the
simulations, alongside the passive ion leak conductance (Gleak) and Th-current conductance

(Szegedi et al., 2023).
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Figure 13. Computational model simulation modelling the regulation of input excitability by Kir channel
activity in Pvalb neurons with different passive leak conductances. (A1) The I-V step protocol to study Rin at different
Vm. (A2) Superimposed Vm-step traces (top) and the current steps (bottom). (B1) The I-V step protocol shows Rin at
different Vm. (B2) Superimposed Vm-step traces (top) by current steps (bottom). (C1) Superimposed Vim traces in the
real Pvalb neuron (blue) and the model cell (black). (C2) The plot shows the input resistance (Rin) at different
membrane potentials (Vm) in the real cell (blue) and in the model (black). (D1) The heat map shows the rRin in the
model cell in different configurations when the passive leak conductance (Gleak) in soma varies from 1 nS to 11 nS
and the Kir conductance varies from 0 nS to 20 nS. (D2) Note that because GKir depends on Vm, the simulated cell
has an active GKir (ved line) of 5% of the abscissa GKir at -60 mV and 60% of the abscissa GKir at -90 mV. Gleak
(blue line) is independent of Vm. The model cell has 1 nS (maximum) gHCN (black line) with the voltage dependence

shown in plot.
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AIS Geometry and Kvl Channels Shape AP Threshold (Research
study III)

In humans, Pvalb fast-spiking interneurons have a lower action potential (AP) threshold
compared to mice. This adaptation compensates for the slower membrane time constant of human
neurons, ensuring a fast input-output function. From an evolutionary perspective, the lowered AP
threshold in human Pvalb interneurons is also likely linked to increased energy efficiency. Human
neurons have a longer axon initial segment (AIS) and contain fewer inhibitory Kv1.1 and Kv1.2
potassium channels than mouse neurons. AIS length is a major factor in determining the AP
threshold and contributes to interspecies differences. Immunofluorescence analysis showed that

Kv1.1 potassium channels are absent in human Pvalb neurons but present in mice.

Human Pvalb interneurons have a lowered action potential (AP) firing

threshold

The AP firing threshold was measured in 80 Pvalb-expressing fast-spiking interneurons (Hu
et al., 2014) in human neocortical tissue resected during deep brain surgery from 62 patients. We
used whole-cell clamp technique in layer 2/3 in acute brain slices extracted from the frontal (n =
36), the temporal lobe (n = 20), and the parietal or other neocortical regions (n = 24) in male (n =
29) and female patients (n = 33) aged between 11 and 85 years. To identify the lowest threshold
that triggered APs, positive Vm steps (square-pulse current steps of incremental amplitude, 500 ms
at 1 Hz) were applied in cells current-clamped at =70 mV (Fig. 14A-B) (Li et al., 2014; Povysheva
et al., 2008; Ren¢ Wilbers et al., 2023). The AP firing threshold in human Pvalb cells (median,
—39.0 mV, IQR = —44.8 to —34.7; n = 80 cells) was lower than that in mouse Pvalb neurons. The
median AP firing threshold in mouse Pvalb neurons was found to be —33.4 mV (IQR= —35.9 to
—28.4; n = 80 cells; p < 0.001, Student's t-test; Fig. 14C1-2). In human neurons, the AP firing
threshold was found to be similar in the frontal cortex (mean =—39.45 mV, IQR =—42.58 to —32.86
mV; n =36 cells) and the temporal cortex (mean = — 8.65 mV, IQR =—47.48 to —35.50 mV; n =20
cells; p = 0.179, Student's t-test; Fig. 14D1). Furthermore, we calculated the average AP firing
threshold per human subject, confirming that it was independent of demographic characteristics.
The Pvalb cell firing threshold was similar in male subjects (mean = —39.00 mV, IQR =—44.53 to
—32.87 mV; n =29) and female patients (mean = —39.30 mV, IQR =—-45.33 to —36.30 mV; n = 33;
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p = 0.682, Mann—152 Whitney U-test; Fig. 14D2), and no dependence on age was observed (r =
—0.159; n = 58 patients; p = 0.233, Spearman's test; Fig. 14D3). The results demonstrated that
human Pvalb neurons exhibited a reduced AP firing threshold potential in response to excitation in

the soma when compared to mouse Pvalb neurons.
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Figure 14. The firing threshold of APs in fast-spiking Pvalb interneurons differs between the human and the
mouse. (A-B) The AP phase plot was used to define the firing threshold. (A1) Superimposition of APs (four) in human
Pvalb cells. (A2) Phase plots of the APs exhibiting the first derivative (dV/dt) against Vm (four curves superimposed,).
(A3) Zoom-in to the AP phase plot curves presenting the initial rise speed of the AP. Dotted vertical lines denote the
AP firing threshold, defined as the Vim at which the rise speed reaches 10 mV/ms (horizontal dotted line). (B1) Mouse
Pvalb cell APs (four superimposed), their phase plots (B2), and the definition of the firing threshold (B3). (C) Pvalb
neurons in humans exhibit a lower AP firing threshold than those in mice. (C1) Histograms of the AP firing threshold
in humans (blue, 80 cells) and mice (gray, 80 cells), with 1 mV bin. The median and quartiles are indicated by solid
and dotted red lines, respectively. (C2) The AP firing threshold in human (blue) and mouse (gray) Pvalb cells is

presented with a cumulative histogram. (D) The AP firing threshold in human cells, presented as the average AP per
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patient, is not dependent on (D1) the neocortical region (n = 36 patients studied for the frontal cortex [FC]; n = 20
patients for the temporal cortex [TCJ]). (D2) The AP threshold (average per patient) did not differ between the sexes
(33 females, 29 males). (D3) The AP threshold (average per patient) is not associated with patient age (n = 58). The

line denotes the regression.

Lowered AP threshold compensates for slower membrane tau

Human Pvalb neurons have higher electrical resistance (i.e. input resistance, Rin) in the
soma compared to mouse cells. However, no significant between-species difference in Pvalb cell
capacitance (Cm) was detected. The Rin and Cm of neurons were measured in subthreshold voltage
steps ranging from +5 to +10 mV (evoked by square pulse current injections from -70 mV), (Fig.
15A1). The median Rin value recorded was 187.86 MQ (interquartile range (IQR) = 125.62—
298.88), which was observed in human Pvalb neurons (n = 50). This was higher than a median Rin
value of 129.98 MQ (IQR = 96.48-163.44) in mouse neurons (n = 40; p = 0.001, Mann—Whitney
U-test; Fig. 15A2). On the other hand, the median Cm recorded in the soma was 32.82 pF (IQR =
23.72-63.30) in humans (n = 50), in comparison to 31.39 pF (IQR = 167 23.25—41.85) in mice (n
=40; p=0.620, Mann—Whitney U-test). As a result, the time course of Vm changes (tau), measured
systematically from the ascending phase in mV steps of +10 mV, was slower in human Pvalb
neurons than in mouse Pvalb neurons (Fig. 15B1). The median electrical tau of the Vm step was
6.65 ms (IQR =4.09-8.15) in humans (n = 50), versus 4.01 ms (IQR = 3.15-5.81) in mice (n = 40;
p <0.001, Mann—Whitney U-test; Fig. 15B2). In mouse Pvalb neurons, a strong positive correlation
was observed between membrane tau and cell Rin (r=0.625, p <0.001; n =40; Fig. 15C1), but no
such correlation was detected in human Pvalb neurons (r = 0.114, p = 0.428; n = 50): tau levels
were found to be comparable in human Pvalb neurons exhibiting high and low Rin levels (Fig.
15C2). However, in both species, a low AP firing threshold was associated with slow membrane
tau (mice: r = —0.490, p = 0.001; n = 40; Fig. 15D1; humans: r = —0.331, p = 0.024; n = 50; Fig.
15D2). The data from both species were pooled (Fig. 15D3) and a strong association between a
low AP threshold and slow tau was detected (r = —0.575, p <0.001, Spearman's correlation test; n
= 90). These results show that Pvalb neurons with a slower tau have a lower AP firing threshold.
This association was found to be particularly strong when the human and mouse data were pooled

together.
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Figure 15. A low AP firing threshold in Pvalb interneurons is associated with an electrically slow soma. (A1)
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plots present the median, quartiles, and 5th and 95th percentiles. (B1) Tau was measured from the ascending phase in
+10-mV steps delivered at —70 mV (human, blue; mouse, gray). Left: superimposed (four) +10-mV steps in human
and mouse Pvalb cells. Right: Ascending phase of the voltage steps displays differences in tau (average: 8.9 ms in
humans and 3.4 ms in mice). (B2) Histograms and box plots illustrate the difference in tau between human (blue) and
mouse (gray) Pvalb neurons. Histogram bin, 0.5 ms. Membrane tau and Rin in the soma are tightly associated in
mouse Pvalb neurons (C1) but not in human Pvalb neurons (C2). (D) A low AP firing threshold is associated with slow
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The AIS length and location affect the AP threshold in Pvalb neurons

This study aimed to visualise the AIS (AP initiation site) of Pvalb cells in the human and
mouse neocortex. We focused on the association of the AIS length and position along the axon and
the AP threshold (Yamada & Kuba, 2016). Immunohistochemistry was performed for beta-IV-
spectrin, a cytoskeletal protein enriched in the AIS (Jones & Svitkina, 2016; Leterrier, 2018; Yang
et al., 2007), and its immunofluorescence was analysed in three-dimensional confocal microscopic
image stacks. The length of the AIS and its distance to the cell soma were digitally measured using
a specially written script. All cells were analysed in layer 2/3 neocortical neurons, and their
immunopositivity for Pvalb was confirmed (Fig. 16A1). It was observed that both human and
mouse Pvalb neurons exhibited cell-to-cell variation in the AIS length and its positioning along the
axon (Fig. 16A2). The median distance from the AIS initiation site to the soma did not differ
between human and mouse neurons (4.12 pm, IQR =2.95-5.28; n =100 cells in 17 patients versus
3.77 um, IQR =2.69-4.68; n="78 cells in 15 mice; p = 0.265). Nevertheless, the median AIS length
was found to be more pronounced in human cells (16.68 pm, IQR = 14.08—19.78) in comparison
to mouse cells (13.99 um, IQR = 11.15-16.55; p < 0.001). Therefore, the AIS termination site was
more distant from the soma in humans (21.01 pm, IQR = 17.60-24.66; 100 cells from 17 samples)
than in mice (17.47 pum, IQR = 14.41-20.66 pm; 78 cells from 15 mice; p < 0.001, Mann—Whitney
U-test; Fig. 16A2-3).

In the subsequent study, we tested the hypothesis as to whether these AIS properties could
provide a rational explanation for the AP threshold difference observed between the two species.
Electrophysiologically investigated and biocytin-filled neurons were visualised with streptavidin—
fluorophore and confirmed to be immunopositive for Pvalb. The AIS was then visualised based on
its positivity for beta-IV-spectrin, and the AIS length and its distance from the soma along the axon
were measured. The values were then compared against the AP firing threshold. From a total of 28
human and 22 mouse cells that were recorded in the whole-cell clamp, the intact soma and full-
length AIS were successfully recovered (as demonstrated by beta-IV-spectrin
immunofluorescence) in 13 human and 14 mouse neurons. Particular attention was paid to only
include neurons that showed a biocytin-filled axon continuing beyond the distal end of the beta-
IV-spectrin—visualized AIS to ensure that the AIS was entirely captured for measurement (Fig.

16B1). The distance from the initial part of the AIS to the soma in human Pvalb neurons was 6.10
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um (IQR =2.55-8.50; n = 13), versus 4.85 um (IQR =217 3.80—6.03; n = 14) in mouse neurons
(p = 0.437; Fig. 16B2). The AIS was found to be significantly longer in human cells (17.60 pm,
IQR = 14.65-20.20 um) compared to mouse cells (14.0 um, IQR = 12.10-15.33; p = 0.004). The
distance from the AIS terminal site to the soma was found to be longer in human neurons (23.60
um, IQR = 20.85-25.75 than in mouse neurons (18.55 um, IQR = 17.68-20.38; p < 0.001; Mann—
Whitney U-test). The AIS properties are shown in Fig. 16B2. Neither of the AIS parameters was
correlated with the AP firing threshold in human or mouse Pvalb neurons. The correlation between
the AIS proximal site distance and the AP firing threshold was 0.536 (p = 0.054) in human cells (n
=13)and —0.297 (p = 0.93) in mouse cells (n = 14). The AIS length and AP threshold demonstrated
no significant correlation in human cells (r = 0.203, p = 0.493) or mouse cells (r=0.079, p=0.773).
The distance from the AIS termination site to the soma was also not correlated with the AP
threshold in human (r = —0.239, p = 0.414) or mouse cells (r = 0.024, p = 0.988, Spearman's
correlation test). Conversely, when AIS data from Pvalb cells from both species were aggregated
and evaluated, a correlation was observed between the AP threshold and the distance from the AIS
initiation site to the soma (r = —0.478, p = 0.012; Fig. 16C1) and the distance from the termination
site to the soma (r = —0.383, p = 0.0485). However, no correlation was observed between AIS
length and AP threshold (r = —0.1340, p = 0.516; Spearman's correlation test; Fig. 16C2-3). The
results demonstrated that the AIS length and its location along the axon vary between humans and

mice, and that distal positioning of the AIS from soma is associated with lowered AP threshold.
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Figure 16. The AIS is found to be elongated in human Pvalb neurons in comparison to its location in mouse
neurons. The location of the AIS along the axon was associated with the AP threshold. (A1) The AIS was measured in
three-dimensional fluorescence confocal microscopic images of human and mouse Pvalb immunopositive neurons in

layer 2/3. Left: The AIS was visualized via immunofluorescence for beta-1V-spectrin. Arrows indicate the initiation and
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termination sites of the AIS (Alexa 488) in a collapsed z-stack image of a human Pvalb neuron. The merged image of
beta-1V-spectrin and Pvalb (Cy5) immunoreactions is shown on the right. Horizontal dotted curves represent the axon
from the soma (s) and the proximal (ii) and (iii) distal ends of the AIS. (A2) Histograms and box plots summarize three
AIS parameters as outlined in the upper schematic: a = distance from the soma to the AIS initiation site, b = AIS
length, and c = distance from the soma to the AIS termination site. The upper image demonstrates that the distance
from the soma to the AIS initiation site is comparable across species. The middle image indicates that the AIS is more
pronounced in human neurons compared to mouse neurons. The AILS termination site is more distant in human neurons
than in mouse neurons. The histogram bin is 1 um with kernel density. Box plots present the median, quartiles, and 5th
and 95th percentiles. (A3) The AIS data in cumulative histograms show p-values. (B1) Illustrates the AIS visualised
via immunopositivity for beta-1V-spectrin (Cy3) in human and mouse Pvalb cells recorded in whole-cell configuration
and filled with biocytin (beyt), as well as visualised with streptavidin—Alexa 488. (B2) Electrophysiologically studied
Pvalb neurons display with three measured parameters (a,b,c). The combined AP threshold data from human (blue
symbols) and mouse (grey) Pvalb neurons reveal an association with the AIS initiation site distance (Cl), no

association with AIS length (C2), and an association with (C3) the distance from the AIS termination site to the soma.

Axon diameter does not explain AP firing threshold difference between species

The axon caliber can regulate axon excitability (Goethals & Brette, 2020), thus we
measured the axon diameter in biocytin-filled Pvalb interneurons to study whether it is correlated
with the AP firing threshold. Diameter measurement was conducted utilising high-magnification
fluorescence confocal microscopic images of biocytin-filled, visualised neurons at five locations
along the axon, including two measurement points before the AIS (pre-AlIS) and three sites within
the AIS, as illustrated in Fig. 17A1-3. The values thus represent the average per cell for the pre-
AIS segment of the axon and the part of the axon within the AIS. No statistically significant
difference in axon diameter was detected between human (n = 12) and mouse (n = 14) Pvalb
neurons in either the pre-AIS (1.07 pm IQR = 0.82—-1.19 vs. 0.88 um IQR =0.71-1.14 ; p = 0.939)
or AIS (0.83 pm IQR = 0.70-0.96 vs. 0.69 um IQR = 0.64— 0.74; p = 0.260; one-way ANOVA on
ranks; Fig. 17B). Furthermore, the axon diameter in the pre-AIS and AIS was not correlated with
the AP threshold in human (pre-AIS: r = 0.245, p = 0.429; AIS: r=0.392, p=0. 197, n=12) or
mouse neurons (pre-AlS: r=0.091, p=0.766; AIS: r=0.056, p=0.852; n = 12). When considering
all cells from both species, no association was identified between axon width and AP threshold in
either the pre-AIS (r = 0.137, p = 0.518; Fig. 17C1) or AIS (r = —0.036, p = 0.866; Spearman's
correlation test; Fig. 17C2). These results indicate that axon diameter is unlikely to account for

interspecies differences in AP threshold in Pvalb neurons.
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Figure 17. The axon diameter fails to account for interspecies differences in the AP firing threshold in Pvalb
interneurons. The schematic presentation (A1) illustrates the axon maximum width at five distinct locations along the
axon. (A2) Fluorescence confocal microscopic image (collapsed from the z-stack) presenting biocytin-filled Pvalb
neurons (Alexa 488) in humans with the AIS visualized by immunoreaction for beta-1V-spectrin (Cy3). (A3) A magnified
image of the axon with five measurement sites. (B) The thickness of the axon did not vary between human (blue) and
mouse (grey) Pvalb neurons. Horizontal bars denote the median and quartiles. (C) The axon diameter was not

associated with the AP firing threshold in Pvalb neurons in the pre-AIS area (C1) or AIS (C2).

Navl.6 channel distribution is uniform within the AIS of Pvalb

neurons

The immunoreactivity of the low-voltage-gated sodium channel Nav1.6 in the AIS of Pvalb
neurons was the next subject of our study (Fig. 18), since the density and spatial distribution of
Nav1.6 channels in the AIS can regulate the threshold of AP generation (Kole & Stuart, 2012; Kuba
& Ohmori, 2009). Nav1.6 channels have been shown to concentrate at the distal end of the AIS,
reducing the AP firing threshold (Goethals & Brette, 2020; Kole & Stuart, 2012; Lorincz & Nusser,
2008; O'Brien & Meisler, 2013), or to be evenly distributed along the AIS. We studied the intensity
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of Nav1.6 immunofluorescence in confocal microscopic three-dimensional image stacks along the
axon (Fig. 18B1-2) in layer 2/3 of the human and mouse neocortex (Fig. 18A1-2) to investigate
whether the distribution of Navl.6 channels differed between species. We measured the
immunofluorescence intensity for Nav1.6, Pvalb and beta-IV-spectrin in the same cells along the
axon (annotating the axon in 3D stack of images) from the soma to beyond the AIS termination site
(Fig. 18C1-2). The Navl.6 immunofluorescence was similar in humans and mice, with weak F-
Fex.c in the axon pre-AlIS (human: 6.55, IQR = 4.03-20.69, n = 21; mouse: 6.25, IQR = -0.87—
16.24, n =26; p = 1.00) and in the post-AIS (human: 0.95, IQR =-3.41-7.56, n = 21; mouse: 4.59,
IQR =-2.49-13.13, n=26; p = 1.00). The Nav1.6 intensity was robust in the AIS and did not differ
between humans (73.18, IQR = 49.32-94.05) and mice (48.40, IQR = 28.84-67.81) (p = 0.063)
(Fig. 18C1-2 for details; PERMANOVA and Mann—Whitney U-test with Bonferroni Correction for
pairwise comparisons). Additionally, the Nav1.6 immunofluorescence was uniformly distributed
along the AIS in both species, showing no difference in immunoreaction intensity between the first

and second halves (human: p = 0.182; mouse: p = 0.833; Mann—Whitney U test) (Fig. 18C1-2).
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Figure 18. The ALS shows strong and uniform Navl.6 sodium channel expression in both human and mouse

Pvalb neurons. (4) Triple immunofluorescence labeling for Pvalb (Cy5), pIV-spectrin (Alexa 488), and Navl.6 (Cy3)

in human (A1) and mouse (A2) neocortex. Collapsed z-stack confocal images show AIS initiation and termination

(arrows) and the Pvalb* soma (s). (B) Axonal fluorescence intensity measurements along a line from the soma (s)

through the AIS and into the distal axon, obtained from three-dimensional confocal image stacks in human (B1) and

mouse (B2) neurons. The measurement path follows the pIV-spectrin-labeled AIS. (C) Line analyses of fluorescence
intensity for Pvalb (black), pIV-spectrin (green), and Navl.6 (ved). (Cl) Left: Intensity profile from a single human

neuron (arbitrary units); 0 marks axon origin from the soma. The upper schematic illustrates the measurement line.
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Right: Median (bars) and quartiles (whiskers) of referenced fluorescence (F—Fex.) for human cells. The AIS, defined
by pIV-spectrin labeling, was divided into 10 bins (green shading) for quantitative analysis. (C2) Equivalent data for

a mouse neuron (left) and summary of pooled measurements (right).

In addition, we studied the intensity of Navl.6 immunofluorescence in confocal
microscopic images of the soma (Fig. 19A1-2). In individual cells in human (n = 21 cells; Fig.
19B1) and mouse (n = 26 cells; Fig. 19B2) tissues, 24 radially placed lines were positioned to
extend from the inside of the soma to the extracellular space in order to measure the
immunofluorescence intensity of Navl.6 (Cy3) and Pvalb (Cy5). As Pvalb is an intracellular
marker, the onset of Pvalb immunofluorescence in the measurement lines was used to define the
extracellular membrane site (Fig. 19B1-2). Corrected Nav1.6 immunofluorescence (F—Fex.c.; the
average fluorescence intensity of the extracellular site subtracted from the a.u. values of the radial
and axon line pixels) did not differ between species in the soma membrane (human: 7.06, IQR =
4.72-15.12,n=21; mouse: 8.52, IQR = 3.30-12.50, n =26; p = 1.00) or in the cytoplasm (human:
23.66, IQR = 16.37-31.64, n = 21; mouse: 12.39, IQR = 5.88-20.25, n = 26; p = 0.067). Figure
19C shows the Nav1.6 immunofluorescence F-Fex.c values for human, and Figure 19D shows the

values for mouse. There is no difference between species (Fig. 19E).
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Figure 19. The Navl.6 sodium channel expression is uniform in both human and mouse Pvalb neurons. (4)
Navl.6 immunofluorescence in relation to Pvalb labeling in the soma of human (Al) and mouse (A2) neurons.
Fluorescence intensity was quantified using a 24-line radial sampling pattern (yellow lines). (B) Intensity profiles (in
arbitrary units) for Pvalb (black) and Navl.6 (red) measured along radial lines from the extracellular space (negative
values) to the soma (positive values). The extracellular membrane region was defined as 0.5 um from the Pvalb signal
onset (abscissa 0). (B1) Left: Mean fluorescence intensity (F, a.u.) from 24 pooled lines in a single human cell spanning
=3 um to +1.5 um relative to the 0-point. Right: Median (bars) and quartiles (whiskers) of normalized fluorescence
(F=Fex.c) for human cells. (B2) Equivalent measurements for mouse neurons (left) with group median and quartiles
(right). Summary of normalized fluorescence intensity (F—Fex.c) across five cellular domains in human (C) and mouse
(D) Pvalb neurons, showing strong Navl.6 immunoreactivity in the AIS. (E) Comparison of F—Fex.c values between

human (blue) and mouse (gray) neurons across cellular domains.
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Human PVALB cells exhibit low expression of Kvi.1 and Kvi.2 in the AIS

The immunofluorescence of Kv1.1 and Kv1.2 potassium channels was studied, which are
key inhibitory potassium channels controlling the AP threshold in the AIS in many neurons
(Goldberg et al., 2008; Kole et al., 2007). Kv1.1 channels were found to be clustered in the AIS of
rodent Pvalb neurons (Gu & Barry, 2011), where as low-threshold inhibitory channels, they elevate
the AP firing threshold (D'Adamo et al., 2020; Goldberg et al., 2008). First, we compared the
immunofluorescence signal for Kv1.1 channels in the AIS of human (Fig. 20A1) and mouse (Fig.
20A2) Pvalb neurons in triple immunoreaction studies. Figure 20B shows sample Pvalb neurons in
humans and mice with Kv1.1 immunofluorescence analysis along the axon (Fig. 20B1-2). Analysis
of mouse cell axons revealed a robust Kv1.1 signal (47.56, IQR = 13.98-74.95; n =31) in the AIS,
as previously reported (Goldberg et al., 2008). However, in human Pvalb cells, the Kvl.1
immunoreaction was weak or absent in the AIS, despite strong immunoreaction in Pvalb-
immunonegative neurons within the same immunostained sections (Fig. 20A1). The F-Fex.c. for
Kv1.1 in the AIS differed between species (p = 0.001) (Fig. 20C1-2). However, the F-Fex.c. for
Kvl.1 in the pre-AIS (human: -1.06, IQR = -6.71-8.77; mouse: 9.56, IQR = -5.49-20.32; p =
0.287) and post-AIS (human: 2.55, IQR = -3.26-10.88; mouse: 4.58, IQR = -17.97-29.20; p =
1.00) did not differ between species (PERMANOVA and Mann—Whitney U-test with Bonferroni
Correction). Kvl.1 immunofluorescence showed no difference between the first and second half

of the AIS (human: p = 0.318; mouse: p = 0.195; Mann—Whitney U test) (Fig. 20C1-2).
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Figure 20. Kvl.1 potassium channels are largely absent from the axon initial segment (AIS) of human Pvalb
neurons compared with mice. (A1) Triple immunofluorescence staining for plV-spectrin (Alexa 488), Kvi.1 (Cy3), and
parvalbumin (Cy5) in the human neocortex. Open arrows indicate AISs of Pvalb* neurons identified by pIV-spectrin
labeling, while the solid arrow marks the AIS of a Pvalb™ neuron (s = soma of a Pvalb™ cell). (A2) Equivalent triple
staining in the mouse neocortex. Open and solid arrows mark the AISs of Pvalb* and Pvalb™ neurons, respectively. (B)
Immunofluorescence profiles along the axon (s = soma) in confocal z-stack projections from human (Bl) and mouse
(B2) neurons. Measurement paths are shown relative to the pIV-spectrin signal. (C) Line intensity profiles for Pvalb
(black), pIV-spectrin (green), and Kvi.I (red) along the axon. (Cl) Left: Fluorescence profiles from one human neuron,

with the 0-point marking axon origin. Right: Median (bars) and quartiles (whiskers) of normalized fluorescence (F—
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Fex.) in human cells. AIS length (green shading) was divided into 10 bins for group analysis. (C2) Equivalent analysis

for a mouse Pvalb neuron (left) with pooled data shown as median and quartiles (right).

Then, we compared the immunofluorescence signal for Kv1.1 channels in the soma of

human (Fig. 21A1) and mouse (Fig. 21A2) Pvalb neurons in double immunoreaction studies. The

F-Fex.c. immunoreaction showed an absence of Kv1.1 at the soma membrane in humans (-1.23,

IQR =-4.77-5.25; n = 31), and a presence in mice (5.42, IQR = 0.62-10.58; n =31) (p = 0.041).

Kv1.1 immunofluorescence was lowest in the intracellular cytoplasmic site in both species, with

no difference between species (p = 0.817) (Fig. 21B1-2). Figure 21C-D summarises the F-Fex.c.

intensity values for Kv1.1 in the cellular domains of human and mouse Pvalb neurons, and Figure

21E compares these values between species.
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Figure 21. Kvi.1 potassium channels are largely absent in the human Pvalb neurons, but present in mice. (4)
Kvli.1 and Pvalb immunofluorescence in human (A1) and mouse (42) cells, showing intensity measurements obtained
with a 24-line radial sampling pattern (yellow lines). (B) Radial intensity profiles for Pvalb (top, black) and Kvi.lI
(bottom, red) across the soma membrane. The vertical dotted line (0-point) marks the onset of Pvalb signal. (B1) Left:
Mean fluorescence intensity (F, a.u.) from 24 pooled radial lines in a single human cell, spanning —3 um to +1.5 um
from the 0-point. Right: Median (bars) and quartiles (whiskers) of Pvalb (gray) and Kvi.1 (red) normalized
fluorescence (F—Fex.c) in human cells. (B2) Corresponding analysis in a mouse cell (left) and summary of median and
quartiles across mouse cells (right). (C) Summary of Kvi.l fluorescence intensity (F—Fex.c) across cellular
compartments in human and mouse Pvalb neurons. (D) Comparison of normalized Kvi.1 fluorescence (F—Fex.c)
across neuronal domains in human (blue) and mouse (gray) cells. (E) Comparison of F—Fex.c values between human

(blue) and mouse (gray) neurons across cellular domains.

We similarly studied the immunofluorescence of Kv1.2 potassium channels (Fig. 21A1-2)
and in the AIS (Fig. 21B1-2) between human and mouse Pvalb neurons (Ogawa et al., 2008). There
was no difference in F—Fex.c. between human (2.95, IQR =-3.23 t0 9.05, n = 60) and mouse (17.04,
IQR =-5.30to 31.76, n = 30) AIS mouse cells (p = 0.272) (Fig. 21C1-2), pre-AlS cells (p = 0.478)
or post-AIS cells (p = 0.187) (PERMANOVA and Mann—Whitney U-test with Bonferroni
Correction). Kv1.2 immunofluorescence intensity did not differ between the first and second halves

of the AIS (human: p = 0.397; mouse: p = 0.984; Mann—Whitney U-test) (Fig. 21C1-2).
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Figure 22. The AIS is similarly low in Kv1.2 potassium channels in humans and mice. (4) Immunofluorescence
staining for Kvi.2 was equally weak in the AIS in human and mouse Pvalb neurons. Triple immunofluorescence
reaction for beta-IV-spectrin (Alexa 488), Kvi.2 (Cy3), and Pvalb (Cy5) in human (A1) and in mouse (A2). Open
arrows denote AISs visualized using beta-IV-spectrin in a Pvalb+ neuron with undetectable Kv1.2. Solid arrow points
to a Kvl.2 immunopositive dendrite and soma membrane of another neuron (s = the Pvalb+ cell soma). (B) The
immunofluorescence intensity measurement in the axon (s = soma) in human (B1) and in mouse (B2) (collapsed z-
stack images). The measurement line is illustrated in the axon. (C) Line analysis along axons (Pvalb, black; beta-1V-
spectrin, green; Kvi.2 red). (C1) Left: the line intensity values in one human cell (illustrated in schematics on the top)

The ‘0’ = the axon initiation point from the soma. Right: Bars (median) and whiskers (quartiles) of the F-Fex. values
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in human cells. The AIS length (green background) was divided to 10 bins in individual cells for the bar plot of F-Fex.
values. (C2) Measurement in a mouse Pvalb neuron (left). Right: The median (bars) and quartiles (whiskers) of mouse

cells.

We compared the F—Fex. Kv1.2 immunofluorescence intensity values in soma (Fig. 23A1-
2). A low but moderately higher immunofluorescence signal for the Kv1.2 channel was detected at
the somatic extracellular membrane in humans (5.74, interquartile range (IQR) =2.08-10.42, n =
60) than in mice (3.42, IQR = —2.66-5.30, n = 33) (p = 0.013; Fig. 23B1-B2). A low
immunofluorescence signal was also detected in the cytoplasm (human: 4.47, IQR =—3.73-16.39;
mouse: —6.59, IQR =—-12.07-4.16) (p = 0.002). The Kv1.2 data are summarised in Figures 23C—
E.
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similarly low in Kvi.2 potassium channels in humans and mice. (A4)

Immunofluorescence analysis of Kvi.2 and Pvalb in cell soma in human (A1) and mouse (42) cells. (The 24-line radial

pattern is shown with yellow lines). (B) Pvalb (top, black line) and Kvi.2 (bottom, red line) signal along the radial

lines in the cell soma. (B1) Left: The average fluorescence intensity values (F, in a.u.) in 24 pooled lines in a human

cell (from -3 um to +1.5 um from the 0-point of the lines. Right: Bars (median) and whiskers (quartiles) of the Pvalb

(grey) and Kvl.2. (ved) F-Fex.c values in human cells. (B2) Left: Measurements in a mouse cell. Right: The median

and quartiles in mouse cells. (C) The line analyses summary of human and mouse (D) Pvalb cells. Bars (median) and

whiskers (quartiles) of F-Fex.c for Kv1.2 in the different cellular domains. (E) The F-Fex.c values in the human (blue)

and the mouse (grey) Pvalb cells.
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Human Pvalb neurons lack KCNAI mRNA encoding Kvi.1 channels, and no
difference in mRNA for KCNA2 encoding Kv1.2

We used patch-sequencing to measure the mRNA levels of key low-threshold ion channels
responsible for modulating the AP firing threshold, including Kv1.1 and Kv1.2, in Pvalb neurons
(Goldberg et al., 2008; Gu & Barry, 2011; Higgs & Spain, 2011; Kole et al., 2007; Li et al., 2014;
Lorincz & Nusser, 2008). We performed whole-cell recordings, and cell nuclei were harvested for
single-cell transcriptomic analysis (C. R. Cadwell, 2024; M. Shao, 2023). The mRNA
quantification revealed mRNA for 6784 genes (IQR = 4872—7399) in humans (n = 21) and 3617
genes (IQR = 3173-4305) in mice (n = 16; Fig. 24A). The transcriptomic data of individual cells
were uploaded to the Allen Institute neuron type identification server with an algorithm
categorizing neocortex layer 2/3 neuron types by the genes expressed (https://knowledge.brain-
map.org/mapmycells/process/). This enabled human and mouse Pvalb neuron identification also in
cells with undetectable PVALB/Pvalb mRNA expression but positive expression for gene
combinations indicating the Pvalb cell subtype. Utilising the identical criteria for Pvalb cell
subtypes, we identified 21 and 16 Pvalb neurons in our human and mouse dataset, respectively.
Further analysis of the cells was conducted for KCNA1, KCNA2, KCNCI1, KCNC2, KCNDI,
KCNQI, KCNQ2, KCNQ3, KCNQ4, KCNQS5, KCNK2, KCNK4 and KCK10 encoding major K
channels in axon regulating AP firing threshold (Gu & Barry, 2011; Kole et al., 2007). In addition,
mRNA levels for SCN8A/Scn8a expression, as well as the expression of housekeeping genes
(ACTB/Actb, GAPDH/Gapdh, and SLC8A1/Slc8al) were analyzed (Fig. 24A). The transcriptomic
analysis demonstrated that human Pvalb neurons exhibited either an absence or undetectable
mRNA expression for KCNAT in all 21 cells, whereas Kcnal was robustly expressed in 7 of 16
mouse Pvalb neurons. The mRNA level heatmap in Fig. 24A shows the gene expression (as
transcripts per million [TPM]) for individual Pvalb neurons in humans and mice. PVALB/Pvalb
mRNA expression was undetectable in 10 of 21 human neurons and 6 of 16 mouse neurons, which
is consistent with the results from the Allen Institute's open access database for layer 2/3 Pvalb
neurons. These findings suggest that PVALB mRNA expression is very low in certain Pvalb
neurons. A comparison of KCNA1/Kcnal mRNA expression between human (n = 21) and mouse
cells (n = 16) revealed a significant difference (p = 0.0016, one-way MANOVA with the post hoc

Bonferroni test). Furthermore, categorical comparisons (positive or negative mRNA expression)
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demonstrated that KCNA1/Kcnal expression in Pvalb neurons significantly differed between mice
and humans (p < 0.001, chi-squared test following Benjamini—Hochberg adjustment at the 5%
significance level; Fig. 24A). The mRNA expression levels of KCNA2/Kcna2 were found to be
consistent across both species (p = 0.970). Additionally, the mRNA expression levels of
KCNC1/Kenel and KCNC2/Kene2 were found to be equally strong in both species (p = 0.878 and
p = 0.053, respectively), with  KCNC1/Kencl encoding Kv.3.1 and Kv3.2 channels are
characteristics of Pvalb interneurons (A. Chow, 1999; Hu et al., 2014), and they similarly exhibited
low or absent expression of KCND1/Kendl encoding Kv4.1 potassium channels (M. Martina,
1998) (p = 0.541). Human and mouse cells did not show difference in KCNK2/Kcnk2,
KCNK4/Kenk4 or KCNK10/Kenk10 mRNA levels. In addition, while both species showed similar
mRNA levels for KCNQ1/Kenql, KCNQ2/Kceng2 and KCNQ4/Kceng4 level, the human cells had
higher levels of KCNQ3 (p<0.001) and KCNQS5 (p<0.001). Both human and mouse Pvalb cells
strongly expressed mRNA for SCN8A/Scn8a encoding Navl.6 sodium channels (p = 0.086).
Moreover, all cells exhibited prominent mRNA levels for ACTB/Actb and GAPDH/Gapdh (Fig.
24A). Interestingly, the mRNA expression of SLC6A1/Slc6al, encoding the gamma-aminobutyric
acid (GABA) transporter 1, was lower in human neurons than in mouse neurons (p = 0.002).
PVALB/Pvalb mRNA expression was undetectable in 10 of 21 human neurons and 6 of 16 mouse
neurons, in line with the Allen Institute open access database results for layer 2/3 Pvalb neurons,
demonstrating that PVALB mRNA expression is very low in certain Pvalb neuron subtypes in the
human neocortex (Fig. 24B). The patch-sequencing results were in line with the averaged mRNA
levels in Pvalb neuron types from the Allen Institute open access database (Fig. 24B). Results show
absence of KCNA1/Kcnal expression in human but not in mouse Pvalb neurons (human vs. mouse,
p<0.001, and lower level of KCNA2/Kcna2 expression in human compared to mouse (p=0.002).
Thus, both the patch-sequencing results as well as the Allen Institue open access data show that
Kv1 channel genes are the only K-channel gene group in Pvalb neurons expressed at lower level

in human compared to mouse neocortex. (One-way MANOVA with the post hoc Bonferroni test).
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Figure 24. Human Pvalb neurons lack mRNA for KCNAI encoding Kvi.1 channels, and express low level of
Kv1.2 channel KCNA2 mRNA. (A) The heatmap presents the mRNA levels (TPM) in individual human (n = 21) and
mouse (n = 16) PVALB/Pvalb neurons for genes encoding low-threshold channels in the AIS, as well as housekeeping
genes GAPDH/Gapdh and ACTB/Actb. A quantitative and categorical analysis of the expression of KCNA1/Kcnal in
human and mouse cells shows that while there is a difference in TPM values, no such difference is observed in positive
or negative gene expression for other ion channel genes. Similar KCNA2/Kcna2, KCNC1/Kcencl, KCNC2/Kenc2,

KCNK2/Kenk2, KCNK4/Kcnk4, KCNK10/Kenkl0 expression was observed in both species, and KCND1/Kcndl was
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virtually not expressed in either human or mouse cells. Human cells expressed similar level of KCNQI/Kcngl,
KCNQ2/Kceng2, KCON4/Keng4 but higher levels of KCNQ3/Kceng3 and KCNQS5/Keng5 compared to mouse cells.
Additionally, SCN8A/Scn8a, which encodes Navl.6 channels, and SLC6A41/Slc6al, which encodes GABA transporter
type-1, were found to be abundant in both species. Human and mouse cells exhibited divergent mRNA expression of
SCL6A1/Scl6al, which encodes GABA transporter 1. Significant p-values comparing TPM values are presented in red
(with genes, ordinate). (B) The Allen Institute database on Pvalb interneuron subtypes in the human neocortex layer
2/3 revealed a deficiency of KCNAI mRNA in the human cells. The heatmap presents the TPM values (scaling on right)
of the average values in 7 human and 8 mouse Pvalb neuron subtypes (abscissa) in layer 2/3 in the neocortex as
identified by the dataset. Significant differences in KCNAI/Kcnal TPM values were detected, and differences were

noted when tested categorically.

Dendrotoxin, a KvI channel blocker, has a more pronounced effect on the AP

firing threshold in mouse neurons than in human neurons

We investigated whether the blockade of Kvl channels using dendrotoxin-K (DTXK)
affects AP generation differently in human and mouse Pvalb neurons (Goldberg et al., 2008; Higgs
& Spain, 2011). Following a 5-minute baseline whole-cell current—clamp recording period, the
slices were exposed to 100nM DTXK for 10 minutes, after which the AP threshold was remeasured
(Fig. 25A1-2). DTXK significantly altered the AP firing threshold in human neurons, shifting it
from —41.5 mV (IQR =—-44.0 to —39.0 mV) to —41.0 mV (IQR =—45.3 to —41.0 mV; n = 11 cells;
p = 0.0459; mixed-design ANOVA and post hoc Wilcoxon test with Holm's correction). In mouse
cells, the AP threshold was decreased from —32.0 mV (IQR = —35.5 to —28.5 mV) to —39.3 mV
(IQR =—44.2 to —38.0 mV; n =15 cells; p = 0.0007; mixed-design ANOVA and post hoc Wilcoxon
test with Holm’s correction). There was a significant difference in the change in AP threshold
between baseline and in DTXK between human and mouse cells (p = 0.0009 for species interaction
by mixed-design ANOVA) (Fig. 25B1-3). The AP threshold was more negative in humans than in
mice at baseline (p = 0,0005), but there was no statistically significant difference between the
species at DTXK (p = 0.0862) (mixed-design ANOVA and post hoc Mann—Whitney U tests
between species at each time point, with Holm-adjusted p-values). Comparisons of the effect of
DTXK across species revealed that, in addition to an AP threshold shift, the rheobase current was
affected differently in mice than in humans (mixed-design ANOVA interaction, p = 0.0082). The
rheobase current was reduced in mice (p = 0.0015), but not in humans (p = 0.4648; post hoc
Wilcoxon tests with Holm’s correction) (Fig. 25C1-3). Although the rest of the observed

parameters failed to reveal a significant difference in the DTXK effect between humans and mice
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(mixed-design ANOVA interaction, p > 0.05), Kvl channel blockade was associated with a
reduction in the amplitude of the action potential afterhyperpolarization (AP AHP) in mice, but not
in human cells. This difference reflects the stronger somatic Kv1 channel contribution to AP AHP
in mouse cells compared to human cells in control conditions. The AP half width was shorter in
mice under baseline conditions but did not remain significantly shorter after the wash-in of DTXK,
which reflects the blockade of K-current components of the AP in mice. Furthermore, DTXK was
associated with a comparable decrease in the maximum positive peak value of the AP in both
species. This suggests that the effect of DTXK on the AP occurs through a mechanism other than
the direct current of the Kv1.1 channel. (A mixed-design ANOVA test with post hoc pairwise
comparisons). In addition, DTXK was found to significantly increase input resistance in mouse
cells, but not in human cells. Kv1.1 channels are activated in the cell soma by Vm depolarisation,
which reduces Rin under baseline control conditions. Blocking these channels with DTXK
increased the input resistance. Consistent with this finding, DTXK reduced species differences in
membrane 'tau'. 'Tau' differed more between species under baseline control conditions than in the
presence of DTXK. These results suggest that Kv1 channel activity is stronger in the AIS and soma

of mouse neurons than in human Pvalb neurons.
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Figure 25. Kvl channel blocker dendrotoxin lowers AP threshold in mouse but not in human Pvalb neurons.
APs were recorded under baseline conditions (black traces) in current—clamp mode at —70 mV for 5 min, followed by
application of 100 nM DTXK for 10 min, after which APs were evoked again (red traces). (4) APs and corresponding
AP phase plots in baseline control and after DTXK application. (A1) Left: Three superimposed APs from a human
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Pvalb cell. Right: Corresponding phase plots under control and DTXK conditions. (A2) Left: Superimposed APs
recorded in a mouse Pvalb neuron. Right: Corresponding AP phase plots. (B) Effect of DTXK on the AP threshold in
human (B1) and mouse (B2) neurons. (B3) Significant interaction between species and time on the measured values,
meaning the DTXK treatment differs between human and mouse neurons. Box plots present the median, quartiles, and
5" and 95™ percentiles. (C) Application of DTXK did not affect the rheobase current in human Pvalb neurons (Cl),
but it significantly reduced the current in mouse cells (C2). (C3) A significant interaction was found between species

and time in the rheobase values, indicating that DTXK treatment differs between humans and mice.

Modeling shows the difference in action potential generation between human

and mouse AIS

We created a computer model of a single cell that includes cable properties in the axon (and
dendrites). This model copies the electrical properties of a human Pvalb cell that have been
measured in real neurons. We then looked at how changes to the AIS length and AIS Kv1 channel
content affect the AP firing threshold and the time it takes for an AP to be generated and for
excitation to occur in the soma. We adjusted the electrical properties of the model cell to mimic the
Vm waveforms and AP firing threshold of human Pvalb cells during the voltage steps, as shown in
Fig.26A1-2. The model cell behaved like a whole human Pvalb cell (code h7), which has an AP
with a voltage-sensitive axonal low-threshold Na current (mimicking Nav1.6 in the AIS), a high-
threshold Na current (Nav1.2 at the soma and proximal dendrite), and a K current (mimicking
Kv3.1 and Kv3.2 in the AIS, soma, and dendrite). It had three types of potassium current: one that
was not affected by voltage, one that was M-type, and one that was Kir-type. These were found in
the soma and dendrite (Szegedi et al., 2024). There was also a hyperpolarisation-activated non-
specific cation current, Ih, in the soma and dendritic compartments. We also applied different levels
of Kv1 activity in the AIS. In standard conditions, the model cell AIS length was 20 pm, and the
initiation distance to the soma was 10 um, and the AP firing threshold was —43 mV. First, we tested
how much current was needed to trigger an AP firing threshold by changing the AIS lengths (10—
30 um), which is similar to the range found in the real-life investigation of Pvalb neurons.
Increasing the AIS length linearly increased the Navl.6 and Kvl channel activity in the AIS
(channel conductances gNav1.6 and gKv.1 were fixed at 20 nS/um2 for both channels). The axons
had a diameter of 0.8 um and longitudinal resistance (Ra) of 0.9 MQ-um. When the AIS was made
longer (10, 20 or 30 um), the AP firing threshold (which is measured using a 250-ms square-pulse

current in the soma at =70 mV) in the model cell went down from —36.8 mV to —42.3 and —45.2
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mV (Fig.26B1-2). This shows that the Pvalb cell AIS length range seen in this study can have a
big effect on the AP firing threshold. In the second simulation, we changed the activity of certain
channels (Kv1) in a structure called the AIS while keeping the AIS length (20 pm) and location
along the axon (10 um from the cell body, Ra = 0.9 MQ-um) the same, as well as the gNav1.6
density (20 nS/um?). We simulated AP generation by depolarising the voltage steps in the cell to
define the AP firing threshold as we had done before. When we increased the gKv1 from 0 nS/um?
to 5, 10, and 15 nS/pum? in the AIS (Fig.26C1-2), the AP firing threshold increased from —45.3 mV
to —44.2,—42.4, and —41.6 mV, respectively (Fig. 26D). This simulation showed that increasing the
activity of the Kv1 channel in the AIS (without changing the geometry of the AIS) increases the
AP firing threshold. Finally, we used the model cell to understand how changes to the AP firing
threshold, caused by alterations to the AIS length and Kv1 content, affect the time delay in Pvalb
neurons when they are stimulated by the synapse in the soma. The aim of the simulation was to
find out why human Pvalb neurons, compared with mouse Pvalb neurons, with a slower somatic
membrane tau (Fig. 26E1) but lower AP firing threshold (Fig. 26E2), can fire APs with an equal or
shorter time lag to the fixed-amplitude excitatory current in the soma (Fig. 26E3-4) (Szegedi et al.,
2017). In the model neuron, we created an excitatory postsynaptic current (EPSC) in the soma at
—70 mV and increased its peak amplitude bit by bit to make a gradually increasing excitatory
postsynaptic potential (EPSP) that finally reached the AP firing threshold. The EPSC was generated
with peak conductance from 6 to 11 nS with an incremental step of 0.25 nS, reaching the AP firing
threshold with the human-type and mouse-type AIS with EPSC conductance values of 6.75 and 8.5
nS, respectively (Fig. 26F1-3). Shifting from the mouse-type AIS (Kv1 density 20 nS/um?, AIS
length 10 pm) to the human-type AIS (Kvl1 density 0 nS/um?, AIS length 30 pm) shortened the
time taken for AP generation compared with the EPSP-AP time lag generated with a fixed EPSC
strength (Fig. 26F2-3). The EPSP-AP time lag simulation with different AIS lengths and varying
levels of Kv1 in the AIS is shown in the heatmap in Fig. 26G. The simulation showed the minimum
and maximum time lags for AP generation to be 4.8 and 7.8 ms, respectively, for a fixed EPSC

strength (8.5 nS, the AP firing threshold in the model cell) in the model cell.
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Figure 26. Computational modeling shows that a human-type AIS lowers the action potential threshold and

reduces spike latency in fast-spiking neurons. (A1) Membrane potential (Vm) responses in a human Pvalb neuron

(recorded, blue) and the corresponding model cell (gray) during current steps from —200 to +200 pA. (A2) Left: the
first suprathreshold AP from the recorded (blue) and modeled (gray) cells. Right: phase plots of these APs. (B1) Model
APs and phase plots with AIS lengths of 10 um (purple) and 30 um (red). (B2) AP thresholds simulated for ALS lengths
of 10 um (purple), 20 um (brown), and 30 um (ved), as shown in the schematic. (C1) Effect of Kvl conductance in the
AIS on AP waveform and phase plot: gKvl = 0 (yellow) and 15 nS/um? (ved). (C2) Simulated AP thresholds at different
Kvl densities (0—15 nS/um?) with Navl.6 = 20 nS/um? AIS = 20 um long, and 10 um from soma. (D) Combined effect
of AIS length and Kv1 activity on AP threshold. The heatmap shows threshold values (color scale at right); the total
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simulated difference between minimum and maximum AP threshold was 11 mV. (E1—-E2) Human Pvalb neurons (blue)
show slower membrane depolarization but lower AP threshold compared with mouse neurons (gray).
(E3) Four example traces illustrating AP generation lag between the depolarizing step onset (black dotted lines) and
AP onset (gray dotted line; onset defined as 10 mV/ms rise).
(E4) AP generation lag in human (blue) and mouse (gray) neurons plotted against depolarizing current amplitude.
(F1) The human-type AIS lowers the AP threshold for EPSC-evoked firing in the model. Vi traces show EPSPs (6—11
nS peak conductance, black) and corresponding APs for human (blue) and mouse (gray) AISs. Scale: 40 ms, 50 mV.
(F2) The human-type AIS shortens the EPSP-to-spike delay. Traces show EPSPs with equal EPSC strength (8.5 nS) in
models with human (blue) and mouse (gray) AISs.
(F3) Spike latency as a function of EPSC conductance in human-type (blue) and mouse-type (gray) AIS models;
responses to 8.5 nS EPSC are highlighted (ved). (G) Heatmap showing the combined effect of AIS length (x-axis) and
Kv1 activity (y-axis) on spike latency in response to a fixed 8.5 nS EPSC. Color calibration (ms) is shown on the right.

Discussion

Research study I: Somatic HCN channels facilitate the input-output
transformation in human fast-spiking interneurons

This study provides compelling evidence that human neocortical fast-spiking basket cells
are characterized by a somatic leak current mediated by hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels, in contrast to their rodent counterparts. In human interneurons,
the somatic membrane exhibits a marked voltage sag during hyperpolarizing current injection, a
signature of active perisomatic HCN channels. This sag was abolished by the application of
ZD7288, and accompanied by a hyperpolarization of the resting membrane potential.
Complementary outside-out patch recordings (Szegedi et al., 2023) and high-resolution
immunohistochemistry confirmed the membrane localization of HCNI and HCN2 channel
isoforms at the soma of human Pvalb neurons. These features were largely absent in rodent neurons,

which lacked prominent sag potentials and displayed weaker or intracellular HCN labeling.

These findings indicate that somatic HCN channels play a critical physiological role in
compensating for the relatively slow passive membrane kinetics of human fast-spiking neurons.
Compared to rodents, human basket cells exhibit higher input resistance and reduced resting ion
leak, which together prolong the membrane time constant. Without compensatory mechanisms,

such electrical sluggishness would hinder the rapid transformation of synaptic input into action
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potentials—an essential function for inhibitory interneurons. Our computational modeling supports
this interpretation, demonstrating that somatic HCN conductance accelerates the kinetics of EPSP-

spike coupling and enhances the responsiveness of human neurons to excitatory drive.

Furthermore, HCN channels in human neurons appear to be under neuromodulatory
control, offering a dynamic mechanism to fine-tune excitability. Modulation of HCN activity
through intracellular signaling pathways, including second messenger cascades, could enable rapid
transitions between high and low excitability states in response to changing network demands. This
modulatory flexibility adds to the functional advantages of somatic HCN channels in primate

cortical interneurons.

Interestingly, similar features—such as high input resistance and large sag potentials—have
been observed in macaque fast-spiking interneurons, suggesting that robust somatic HCN
expression is a conserved adaptation among primates. The presence of such channels across

developmental stages and cortical regions further supports their integral role in primate neuronal
physiology.

The benefits of somatic HCN channels extend beyond individual neurons. By ensuring
rapid EPSP-to-spike transformation, these channels contribute to the temporal precision of cortical
inhibition, supporting the synchronization of network oscillations and the fidelity of information
processing. Given the greater synaptic distances and circuit complexity in the primate cortex, even
a modest acceleration in single-cell response time may exert significant effects at the network level.
Thus, the evolutionary acquisition of somatic HCN channels in human interneurons can be viewed

as a key adaptation to the demands of expanded and functionally diverse cortical circuits.

Research study II: Kir Channels similarly regulate intrinsic
excitability in Human and Mouse Pvalb Neurons despite their different
input resistances

In this study, we investigated the role of inward-rectifier potassium (Kir) channels in
regulating the excitability of parvalbumin-expressing interneurons across various species. Despite
the markedly higher baseline input resistance observed in human Pvalb neurons, both human and

mouse cells exhibited similar relative reductions in input resistance in response to membrane
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hyperpolarization. This voltage-dependent rectification, which was abolished by the Kir channel

blocker barium, indicates a conserved inhibitory mechanism mediated by Kir channels.

Transcriptomic profiling confirmed strong expression of Kir3.1 and Kir3.2 subunits in both
species. While the overall expression levels were higher in human neurons, mouse cells displayed
greater diversity in Kir subunit expression, including Kir3.3 and several Kir2 family members.
Immunohistochemistry and dSTORM imaging corroborated these findings, revealing somatic

membrane localization of Kir3.1 and Kir3.2 in both human and mouse Pvalb neurons.

Our computational modeling revealed a key species-specific difference in the functional
consequences of Kir channel activity: in human neurons, lower Kir conductance was sufficient to
produce the same degree of resistance rectification as in mouse cells. This efficiency is attributable
to the higher passive membrane resistance in human neurons and may represent a neuroeconomical
strategy for conserving energy. Fast-spiking interneurons are among the most metabolically
demanding cells in the brain, and minimizing ion flux through efficient inhibition mechanisms

likely reduces ATP consumption associated with ion gradient maintenance.

Kir channels contribute to neuronal inhibition not only through membrane
hyperpolarization but also via shunting inhibition. Their activation dampens EPSPs by increasing
membrane conductance, thereby reducing the depolarizing effect of excitatory synaptic inputs.
Importantly, these effects are modulated by neuromodulatory receptors, including opioid and
GABA-B receptors. Activation of these receptors induces Kir-mediated hyperpolarization and
shunting, highlighting a convergent mechanism for regulating interneuron excitability in response

to external stimuli.

Interestingly, we observed substantial cell-to-cell variability in the strength of Kir-mediated
inhibition, particularly among human neurons. This variability may reflect intrinsic differences in
Kir expression or channel modulation, or it could arise from activity-dependent plasticity
mechanisms. The potential for dynamic regulation of Kir channel activity offers an additional layer

of flexibility for cortical inhibitory circuits.

Altogether, our findings suggest that Kir-mediated control of excitability is a conserved and

integral feature of Pvalb interneurons. However, interspecies differences in conductance
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requirements and subunit expression point to evolutionary refinements in how this inhibitory

mechanism is deployed.

Research study III: AIS adaptations set a lower AP threshold in
human Pvalb neurons

One of the most striking findings of this study is the lower action potential (AP) threshold
observed in human Pvalb interneurons compared to their rodent counterparts. This difference is
particularly significant given the slower membrane time constants and higher input resistance in
human cells, which would otherwise counteract rapid spike generation. The lower AP threshold
thus appears to be a compensatory mechanism that ensures fast and reliable firing in the context of

electrically sluggish somatic properties.

We identified two key structural and molecular adaptations that underlie this shift in
excitability: an elongated axon initial segment (AIS) and reduced expression of Kvl-type
potassium channels. Immunohistochemical analysis revealed that the AIS in human Pvalb neurons
is significantly longer than in mouse neurons, extending further from the soma. This elongation
increases the surface area available for voltage-gated sodium channel clustering, enhancing the

likelihood of AP initiation.

At the same time, human AISs lack Kv1.1 channels and show minimal Kv1.2 expression,
as demonstrated by both immunolabeling and transcriptomic data. These channels are known to
raise the threshold for AP generation by stabilizing the membrane potential. Their absence in
human AISs removes a major inhibitory influence on spike initiation. Computational modeling
confirmed that the combination of AIS elongation and reduced Kvl conductance significantly

lowers AP threshold.

Although the origin point of the AIS relative to the soma did not differ between species, the
extended AIS length in human neurons was sufficient to produce a pronounced shift in excitability.
Importantly, our data suggest that axon diameter does not account for the observed interspecies
differences, as similar diameters were found across species. Moreover, larger axon diameters tend
to decrease axial resistance but can counteract the excitability gains from increased ion channel

density.
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In addition to structural features, plasticity of the AIS may contribute to cell-to-cell
variability in AP thresholds. The AIS is a dynamic compartment whose length and channel
composition can be modulated by activity and developmental cues. While such plasticity has been
well characterized in rodent models, further research is needed to determine whether similar

mechanisms operate in the human cortex.

Taken together, these findings suggest that human Pvalb neurons have evolved a suite of
adaptations to maintain fast-spiking behavior despite intrinsic electrical constraints. By lowering
the AP threshold through AIS elongation and reduced potassium channel expression, these neurons

preserve the speed and precision required for effective cortical inhibition.

Limitations and Future Directions

This study was limited by the inherent heterogeneity of human tissue samples, which were
derived from patients with varying ages, sexes, and clinical backgrounds. Such variability may
introduce confounding factors that are difficult to control. Additionally, the lack of transgenic tools
in human tissue constrains the ability to perform precise genetic manipulations, such as gene

knockouts or overexpression studies.

Future work should aim to incorporate organotypic slice cultures of human cortex, which
may allow for targeted viral gene delivery. This approach would enable visualization of specific
cell types, functional modulation via optogenetics or chemogenetics, and gene editing techniques
to dissect the roles of ion channels and structural features in human neurons. The ability to
experimentally manipulate genes such as Kvl.1 or Kir3.1 in human tissue would significantly

advance our understanding of their functional contributions.

As genetic and molecular tools become increasingly available for use in human-derived
tissue, it will be possible to explore the plasticity of the AIS, 1on channel dynamics, and cell-type—
specific adaptations in greater detail. These advances will not only enhance our understanding of
human brain function but also improve the translational relevance of preclinical models by

highlighting where rodent systems may diverge from human neurobiology.

Although we are not certain why our dataset occasionally shows zero levels for some
common genes, we would like to suggest three possible explanations. The first possibility is that

the gene expression in mammalian cells is often bursty and stochastic rather than continuous, and
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mRNA TPM levels can vary 100-fold between transcription bursts and silent periods (Robles-
Rebollo et al., 2022; Tukacs et al., 2024). This natural fluctuation of individual gene expression
rates can introduce noise into the overall dataset. Although the phenomenon is well recognized in
fields such as cancer research and molecular biology, it is not emphasized in neuroscience. This
feature may also partly explain the occasional weak quantitative correlation between mRNA and
protein. The second possibility is that the mRNA level is too low for our method to detect it.
However, we consider it unlikely that the mRNA would not be detected with 4 million reads. We
emphasize that we only accept cells with a high number of active genes, which is a standard for
high-quality patch sequencing. Furthermore, it is noteworthy that some cells with a very high
number of active genes, e.g., 8,500, show a level of 0 for the GAT-1 or PVALB mRNA. The third
possibility is that some mRNA has degraded, or the cDNA conversion was unsuccessful for that
particular mRNA. This would mean that, for reasons unknown to us, our system might lose mRNA
or fail to convert it to cDNA for some specific genes. However, we stress that we have no evidence
supporting this possibility. It is possible that some mRNA degradation occurs in some samples,
leading to the disappearance of mRNA from genes that are already naturally present in low amounts

in the sample. We also mention the latter possibility in the manuscript.

In conclusion, this thesis underscores the importance of species-specific adaptations in the
cellular physiology of neocortical interneurons. Differences in ion channel expression, membrane
properties, and axonal architecture illustrate how homologous cell types can evolve distinct
mechanisms to meet the computational demands of the brain. These findings have broad
implications for understanding the evolution of cortical circuits and for designing therapeutics that

are effective in the human context.
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Summary

Significant species-specific differences in the properties of mammalian neurons have been
well documented over the years. However, much of our understanding of cortical circuit function
and information processing in the human brain still depends on data from rodents and other
experimental animals. This knowledge gap is especially notable for the neocortex—the brain
region that supports the most complex cognitive functions and exhibits the greatest evolutionary
divergence. Microanatomical and molecular differences among homologous neuron types (cells
sharing similar developmental origins and cortical locations across species) are particularly
prominent in the neocortical mantle. Yet, the functional importance of these differences remains

poorly understood.

In this thesis, we examined the electrophysiological properties of human and mouse fast-
spiking GABAergic basket cells, which are among the most prominent types of inhibitory
interneurons in the cortex. Through detailed analysis of membrane potential responses to current
injections, pharmacological blockade, and immunohistochemical staining, we found substantial
differences in ion channel composition at the soma. Notably, human neocortical basket cells
exhibited high expression of HCN1 and HCN2 channel isoforms at the somatic membrane, while
rodent basket cells showed only sparse somatic expression. Pharmacological experiments using
ZD7288 confirmed that these HCN channels help maintain the resting membrane potential and
modulate cell excitability. They also speed up membrane potential kinetics, reducing the delay
between excitatory postsynaptic potentials and action potential generation. This is especially
important because, without HCN channels, human fast-spiking neurons display low persistent ion
leak and inherently slower membrane potential changes compared to mouse neurons.
Computational modeling supported these findings, demonstrating that somatic HCN conductance
alone is enough to enhance the speed of input—output transformation in human interneurons,

making their temporal precision closer to that of rodent cells.

Overall, our findings show that human and mouse fast-spiking interneurons differ in their
somatic ion channel makeup, which directly affects the speed and accuracy of synaptic integration
and spike initiation. The presence of somatic HCN channels seems to be an adaptive feature that

helps human fast-spiking neurons stay responsive quickly despite their different passive membrane
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properties. We also looked at how inwardly rectifying potassium (Kir) channels regulate intrinsic
excitability. Human neocortical interneurons have higher baseline input resistance compared to
rodents, mainly because of less passive ion leak across the membrane, which makes voltage
responses to synaptic input larger. Despite this, our whole-cell patch-clamp recordings showed that
both human and mouse Pvalb neurons have similar proportional decreases in input resistance when
the membrane hyperpolarizes, driven by Kir channel activation. This subthreshold regulation was
blocked by barium, confirming Kir channels are involved in both species. Molecular analysis using
patch-sequencing revealed strong expression of Kir3.1 and Kir3.2 subunits in Pvalb neurons from
both humans and mice. Additionally, confocal and dSTORM super-resolution imaging confirmed
these channels’ presence on the membrane, reinforcing their conserved role in controlling
subthreshold excitability. Though human neurons have higher overall input resistance, they need
less Kir conductance to produce the same level of voltage-dependent rectification, indicating a
more efficient inhibitory mechanism that might reflect evolutionary optimization for energy
efficiency. Lastly, we explored the mechanisms behind differences in action potential thresholds
between human and mouse fast-spiking interneurons. Whole-cell recordings showed that human
Pvalb neurons fire at lower thresholds than mouse neurons, supporting their role as fast-in—fast-out
units despite slower somatic membrane dynamics. Detailed analysis found that human neurons
have a longer axon initial segment (AIS)—the region where action potentials start—and lack the
low-voltage activated inhibitory Kv1.1 and Kv1.2 potassium channels that are prominently found
in the AIS of mouse neurons. Computational models demonstrated that this human-specific AIS
structure, along with the absence of Kvl channels, lowers the AP threshold and decreases spike

latency, compensating for slower membrane potential changes at the soma.

Taken together, these findings emphasize how structural and molecular adaptations allow
human Pvalb-expressing interneurons to sustain rapid and accurate inhibitory signaling. By
incorporating somatic HCN channels, an extended AIS, and specific ion channel expression, these
neurons maintain high-speed information processing in the enlarged and metabolically demanding

human neocortex.
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Osszefoglald

Az eml6s neuronok tulajdonsagaikat tekintve jelentds faji kiilonbségek figyelhetok meg,
amit tobb adat is aldtamaszt. Az emberi agy aramkori aktivitasara €s informacidfeldolgozasara
vonatkozd elméletek nagyrészt ragcsadlokon és mas kisérleti allatokon kapott eredményeken
alapulnak. Ez az ismereti hidnyossag kiilondsen jelentds a neokortex, a legdsszetettebb neuronalis
miiveletekért felelds €és a legnagyobb evolucids eltérést mutatd agyteriilet megértése
szempontjabol. A homolog neuronok (azaz a kiilonb6zé emldsdkben hasonld lokalizaciojn és
fejlédési eredetli neurontipusok) mikroanatémiai €s molekularis kiilonbségei a legnyilvanvalébbak
a neokortikalis kéregben. Ezeknek a kiillonbségeknek az oka és kovetkezménye azonban tovabbra

1s tisztazatlan.

Jelen tézisben az emberi és egér gyorsan tiizel6 GABAerg kosarsejtek elektrofizioldgiai
tulajdonsagait vizsgaltuk, amelyek az agykéregben a legnagyobb szamban el6forduld gatld
interneuronok koz¢é tartoznak. Az araminjekciora adott membranpotencial-valaszok, a
farmakologiailag izolalt szomatikus dramok €s az immunhisztokémiai jeldlés részletes elemzését
végeztik el. Munkank feltarta a hiperpolarizacioval aktivalt ciklikus nukleotid-aktivalt kation
(HCN) csatorna HCN1 ¢és HCN2 izoformdjanak nagymértékii expressziojat a human neokortikalis
kosarsejtekben, ellenben a ragcsalok kosarsejtjeinek szoma membranjaban az expresszidja nem
jellemzd. Az ioncsatorna antagonistdjaval (ZD7288) végzett kisérletek azt mutattak, hogy a HCN
csatorndk jelenléte az emberi neuronokban eldsegiti a nyugalmi membranpotencidl fenntartasat és
a sejt szoma altal mutatott gerjeszthetdségének intenzitasat. Tovabba megfigyeltiik, hogy ezek a
csatornak felgyorsitjdk a szomatikus membranpotencial kinetikajat, és csokkentik a gerjesztod
posztszinaptikus potencidlok megjelenése ¢€s az ezt kovetd akcios potencidlok generdldsa kozotti
iddintervallumot. Ezek az eredmények azért fontosak, mert a HCN-csatorndkat nem tartalmazo
humén gyorsan tiizeld neuronok szoméja kismértékii ionszivargast €s lassi membranpotencial
kinetikdt mutat az egér gyorsan tiizeld neuronokhoz képest. A szamitogépes modellezés
alatdmasztotta ezeket az eredményeket, bizonyitva, hogy a szomatikus HCN-expresszid
onmagaban elegendd az emberi interneuronok bemeneti-kimeneti 4talakulasanak sebességének

noveléséhez, igy azok iddbeli pontossaga kozelebb kertil a ragesald sejtekéhez.
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Osszességében eredményeink azt mutatjak, hogy az emberi és egér neokortikélis gyorsan
tlizeld interneuronok szomatikus ioncsatorna-dsszetétele eltérd, ami kozvetleniil befolyésolja a
szinaptikus integracid és a tiizelési mintdzat kialakulasanak sebességét €s pontossagat. A
szomatikus HCN-csatornak jelenléte ugy tiinik, hogy egy adaptiv tulajdonsag, amely segit az
emberi gyorsan tiizel0 interneuronoknak a kiilonb6z6 passziv membran tulajdonsagaik ellenére is
gyorsan reagalni. Megvizsgaltuk azt is, hogy a befelé egyeniranyitokalium (Kir) csatornak hogyan
szabalyozzdk a belsé gerjeszthetdséget. Az emberi neokortikdlis interneuronok bemeneti
ellenallasa nagyobb, mint a ragcsaloke, foként azért, mert a membranon keresztiil a passziv ion
szivargas alacsonyabb, igy a szinaptikus serkentésre nagyobb fesziiltségvalasszal reagal. Ennek
ellenére a patch-clamp méréseink azt mutattdk, hogy mind az emberi, mind az egér Pvalb
neuronokban a bemeneti ellendllas csokkenése hasonlé membran hiperpolarizaléra, amit a Kir
csatorna aktivaldsa okoz. Ezt a kiiszobérték alatti szabalyozast a bariumion blokkolta, ami
megerdsitette, hogy a Kir csatorndk mindkét fajban szerepet jatszanak a bemeneti ellenallds
szabalyzasaban. A patch-Seq molekularis elemzés jelentds Kir3.1 és Kir3.2 expresszidt mutatott ki
mind az emberi, mind az egér Pvalb neuronokban. Ezenkiviil a konfokalis ¢s dSTORM
szuperfelbontdsu képalkotds megerdsitette ezeknek a csatornaknak a jelenlétét a szomatikus
membranban, aldtdmasztva szerepiiket a kiiszobérték alatti gerjeszthetdség szabalyozasédban. Bar
az emberi idegsejtek Osszességében nagyobb bemeneti ellenallassal rendelkeznek, ugyanolyan
szintll fesziiltségfiiggd rektifikacidhoz kisebb mértékii Kir-csatorna aktivalodara van sziikségiik,
ami hatékonyabb gatl6 mechanizmust jelent. Végiil megvizsgaltuk az emberi és egér gyors tiizelésli
interneuronok akcids potencial kiiszobértékének kiilonbségei mogott alld6 mechanizmusokat. A
egeészsejtes elvezetések felvételei azt mutattdk, hogy az emberi Pvalb neuronok alacsonyabb
kiiszobertéknél tiizelnek, mint az egér neuronok, ami eldsegiti a gyors be- és kimeneti gatlo
aramkorok miitkodését, annak ellenére, hogy szomatikus membran dinamikajuk lassabb. A részletes
elemzés kimutatta, hogy az emberi neuronok hosszabb axon kezdeti szegmenssel (AIS)
rendelkeznek — ez az a régid, ahol az akcios potenciadlok 1étrejonnek — €s hianyoznak beldliik az
alacsony fesziiltségnél aktivalodd Kvl.1 és Kv1.2 kaliumcsatorndk, amelyek az egér neuronok
AIS-ében jelentds szamban megtalalhatoak. Szamitogépes modelezéssel kimutattuk, hogy ez az
emberre jellemzd AIS-szerkezet, valamint a Kv1-csatorndk hidnya csokkenti az AP kiiszobértékét
és az akciés potencial késleltetését, kompenzidlva a szomatikus membran lassabb

potencialvaltozasait.
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Osszességében ezek az eredmények azt bizonyitjak, hogy a szerkezeti és molekuldaris
adaptaciok hogyan teszik lehetdvé az emberi Pvalb-t expresszald interneuronok szdmdra a gyors
¢s pontos gatlo jelatvitel fenntartasat. A szomatikus HCN-csatornak, a kiterjesztett AIS ¢és a
specifikus ioncsatorna-expresszid hozzajarul, hogy ezek a neuronok fenntartsak a nagy sebességii

informaciofeldolgozast a nagyobb és metabolikusan intenzivebb emberi neokortexben.
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