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1. Introduction

1.1. The mammalian neocortex

The neocortex is one of the distinctive features of the mammalian brain that consists
of six distinguishable layers. The neocortex is the evolutionarily newest part of the cerebral
cortex, which constitutes 90% of the cerebral cortex in humans

. The evolution of neocortex in mammals is regarded as a paramount development

that promoted the higher cognitive function

Parcellation of the neocortex

A key feature of the mammalian neocortex is that it is sub-divided into multiple
areas. The delineation of the cortical areas was observed in preparations stained for cell
bodies (Nissl technique ) and the distribution pattern of myelinated fibres in
preparations stained for myelin sheath (Weigert technique ). Among
several maps of the human cortex based on the parcellation of the neocortex, Brodmann’s
map by Korbinian Brodmann became the most famous parcellation, which sub-divides the
human cerebral cortex into 52 areas (Fig. 1.1). Despite many
advances in the field of neuroscience, Brodmann’s map is still widely used to designate

functional regions in the cortex . Regions in the neocortex with
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Fig. 1.1. Brodmann map. Lateral (left) and medial (right) view of functionally distinct
regions of the cortex based on its cytoarchitecture at a microscopic level (adapted from
Brodmann, 1909)



distinct cytoarchitectural properties tend to have a specific function. Abnormal function of
the neocortex is, in turn, often associated with several psychiatric illnesses such as autism,

epilepsy, mental retardation, and schizophrenia

Cytoarchitecture of the neocortex

The neocortex is a sheet of cells, about 3.4 mm thick, and is organised into
horizontal layers and vertical columns, which receive or transmit information to or from

adjacent cells or distant regions of the brain
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Fig. 1.2. Laminar and columnar organization of the neocortex. (A) Comparison of the
thickness of layers, and number of neurons within cubes of cortical tissue (50 x 50 um) from the
pial surface to the white matter in the human (left, temporal cortex), rat (middle, barrel cortex),
and mouse (right, barrel cortex). Adapted and modified from DeFelipe, 2011 (Defelipe, 2011).
(B) Schematic representation of cortical neurons in vertical modules of the striate cortex of the

macaque monkey. A drawing to represent the columns showing the arrangement of dendrites
and axons (Mountcastle, 1997).

Neocortical layers can be distinguished by techniques that stain cell bodies of neuron,
myelin and the processes of neurons. Each layer of the neocortex is defined primarily by
the presence, absence, and density of distinctive cell types. Accordingly, the neocortex is

grouped into six main layers, from outside (pial surface) to inside (white matter).



Another prominent feature of the neocortex is its vertical columnar organization
called ‘Cortical Columns’. A seminal observation by Vernon Mountcastle half a century ago
led to the discovery of cortical columns . Mountcastle hypothesised
that the cortical columns are elementary units of organization in the somatosensory cortex
that is made up of a vertical group of cells extending through all the cell layers (Fig. 1.2).
Neurons within a column tend to have similar response properties, possibly because they
form local processing network . However, the concept of cortical
columns remains highly controversial in recent years. Skeptics argue that the vertical
groups of cells are mere by-product of ontogenetic development without functional
significance . To understand the functional properties of
cortical areas, it is crucial to identify the connectivity profiles of the different neuronal cell
types in the local microcircuits. The rodent barrel or somatosensory cortex is one of the

best-studied models of cortical microcircuitry.

1.2. The rodent barrel/somatosensory cortex

Rodents are nocturnal animals. They live underground and inhabit tunnels. They
primarily use their whiskers for navigation, rather than depending on vision per se. Rodent
whiskers are highly sensitive to mechanical stimulation and allow them to orientate
themselves in their natural environment . Because of their strong
dependence of whiskers, rodents developed a highly specialized somatosensory (barrel)
cortex with a one-to-one representation of whiskers

. Tactile information from the whiskers on the rodents’ snout is processed in the
contralateral barrel cortex. A cross section of layer 4 (L4) of the barrel cortex shows
‘barrel’-like structure that are arrangement in a somatotopic fashion, similar to the
whiskers of the whisker pad. Whiskers are an important sense organ for rodents, just like
hands for humans and other primates. In the cortical ‘homunculus’, which is a physical
representation of the human body, hands and lips are over-represented, meaning that our
hands are a lot more sensitive to touch than the rest of the body. In a similar way, the
‘ratunculus’ or the ‘musculus’ shows over-representation of the whiskers, which reflects the
high degree of innervation of the whisker follicles. Unlike the continuous distribution of
thalamic afferents to L4 in humans, the barrel cortex receives discrete clumps of afferents
from the thalamus, largely separated on all sides by gaps with sparse thalamocortical
afferent branches

. The gaps that separate the barrels are called septa, which are characterised by a low



cell density and shows slow responsiveness to stimuli LA
single barrel receives its sensory input predominantly from one whisker, known as
principal whisker . Tangential sections of the barrel cortex show the barrel
morphology and organization in the S1 cortex, which can also be visualised in the living,
unstained brain slices. The barrels are arranged in 5 rows A-E, with each row having 4-7
arcs. The four large caudal whiskers are represented by four corresponding barrels
spanning the first arc, and are designated by Greek letters a, 8, y, and 8. This arrangement
exactly reflects the arrangement of whiskers in the snout on the contralateral side. A barrel
column can be defined as an extension of barrel borders in L4 throughout all the cortical
layers (Fig. 1.3). This one-to-one representation of whiskers and anatomical correlate of a
cortical column makes it possible to characterise single neocortical neurons and cortical
microcircuitry using anatomical and functional techniques. The whisker-barrel system has

also emerged as an excellent model to study the molecular mechanisms underlying the
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Fig. 1.3. Human and rodent somatosensory cortex. (A) Simplified schematics of human
somatosensory pathway. Afferent sensation such as pain, temperature, touch and
proprioception ascends the spinal cord, passes through the midbrain and finally reaches the
somatosensory cortex through thalamus. (B) Touch sensations by the whiskers on the snout,
which are arranged in arcs and rows, carry sensory information through brainstem and
thalamus, which is finally processed in the somatosensory cortex. At each level of the pathway,
an isomorphic arrangement of neuronal cell groups, in the form of barrelettes in the brain stem,
barreloids in the thalamus, and barrels in the somatosensory cortex, reflecting the layout of the
whisker on the snout can be found (adapted and modified from Schubert et al. 2007).
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cortical circuit development, and experience-dependent plasticity

Sensory afferent pathways in rodents
The primary afferent fibres that innervate whisker follicles using several specialized
end organs, including Merkel cells, lanceolate- and club-shaped ending, and free nerve
endings transduce sensory information . The first station on the
ascending pathway, which integrates information from multiple whiskers, is the brain stem
trigeminal nuclei (TN), which consist of principal nucleus (PrV) and three spinal nuclei
(oralis, SpVo; interpolaris, SpVi and caudalis, SpVc) . The sensory
signals are topographically separated in barrelettes, structures equivalent to cortical
barrels, with each barrelette representing predominantly one whisker
. Important tactile processing such as
the integration of signals across whiskers, computation of direction selectivity, and

response adaptation takes place at the level of TN
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Fig. 1.4. Simplified schematics of parallel cortical microcircuits in the barrel
cortex. (A) Synaptic connections receiving input from the ventroposterior medial nucleus
(VPM) of the thalamus (lemniscal). (B) Synaptic connections receiving input from the
posterior medial thalamic nucleus (POm) of the thalamus (paralemniscal). (C) Synaptic
connections involved in the corticothalamic feedback loop. Note that VPM and POm inputs
interdigitated at several different stations, for e.g., L5A neurons receives direct input from the
POm and indirect input from the VPM (via L4 spiny neurons), and L5B neurons receive input
from the VPM and project to the POm (modified and adapted from Radnikow et al., 2015)




The flow of sensory information is conveyed via four separate pathways that
originate from different trigeminal nuclei: two ‘lemniscal’ pathways, an ‘extralemniscal’
pathway and a ‘paralemniscal’ pathway

. These pathways pass through different whisker-related, thalamic nuclei, the

ventro-posterior-medial nucleus (VPM) and medial part of the posterior nucleus (POm;

. VPM contains histological compartments called ‘barreloids’

associated with individual whiskers and is subdivided into a ‘head’, ‘core’, and ‘tail’ region,
each relaying different ascending pathways

. Finally, thalamic afferents from either VPM or POm project to different

cortical layers in the somatosensory barrel field, with predominant projections to L4,

making it the major input layer of the barrel and of other sensory cortices

The first lemniscal pathway originates from single whisker neurons in PrV, is
relayed via the core region of VPM barreloid and terminates predominantly in L4, and
basal L3, and to a lesser extent in L5B and L6 of the barrel columns

. The second lemniscal pathway arising from multi-whisker neurons in
PrV is transmitted via the head of barreloids in VPM and terminates exclusively in septal
columns . The extralemniscal pathway from multi-
whisker neurons in rostral SpVi is conveyed via the barreloid tail and terminates in
dysgranular S1 and in S2 . The para-lemniscal pathway from multi-
whisker neurons in the caudal part of SpVi is sent via the anterior POm and terminates in
L1 and Lsa (Fig. 1.4). There are several
hypotheses about the function of each of these pathways. For instance, one hypothesis
proposes that the lemniscal neurons convey detailed whisking and touch information,
extralemniscal neurons encode contact timing, and para-lemniscal codes information

about whisking kinematics

1.3. Major groups of cortical neurons

The barrel cortex consists of excitatory neurons and interneurons. Excitatory
neurons are called principal neurons since they represent the majority of cortical neurons
throughout all layers except Li. They are also termed pyramidal cells because of their
characteristic triangular cell body and possess a prominent apical dendrite pointing
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towards the pial surface. The dendrites of excitatory neurons are studded with spines,
which acts as the main excitatory synaptic input region

. Another kind of excitatory neuron is the spiny stellate neuron, which
constitutes 70-80% of the excitatory neurons in L4 . Following
the release of the neurotransmitter glutamate, excitatory neurons generate excitatory

postsynaptic potentials (EPSP) in the postsynaptic neurons.

Although inhibitory interneurons constitute only a minor fraction of neurons in the
neocortex, they provide the main source of inhibition by releasing y-amino butyric acid
(GABA) at their postsynaptic terminal. The dendrites of interneurons are typically sparsely
spiny or non-spiny. Synaptic contacts are made onto the dendritic shafts of interneurons,

unlike excitatory neurons where synaptic contacts are made in the dendritic spines.

Origin of cortical neurons
During cortical development, excitatory neurons and interneurons are generated

from neural progenitors located in dorsal and ventral telencephalon respectively

. Cortical neurogenesis starts at embryonic day 11 (E11) and ends at E19 in mice, and

from E13 to E21 in rats

. All cortical neurons originate from neuroepithelial cells (NEC), which forms the
lining of neural plate. Before the onset of neurogenesis, they undergo symmetric
proliferative division to expand the progenitor pool both in lateral and radial dimensions

. After the onset of neurogenesis, between E10 and E12 in mice, NECs
give rise to distinct cell types, such as radial glial cells (RGCs) and intermediate precursor
cells (IPCs) . RGCs undergo multiple rounds of cell division in the
ventricular zone (VZ), which consists of specialized epithelial tissue that lines the lateral
ventricles. A small fraction of cortical pyramidal neurons (10-20%) is generated by RGCs
when they undergo terminal asymmetric, neurogenic division
IPCs are generated from RGCs via symmetric, proliferative divisions. They undergo mitotic
division and generate a new germinal zone called subventricular zone (SVZ), where a

substantial fraction of cortical pyramidal neurons (80%) are produced

. Early-born neurons or pioneer neurons at E12.5 (mice) migrate
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Fig. 1.5. Neurogenesis of excitatory and interneurons. Excitatory neurons originate
from pallium/dorsal telencephalon and they migrate radially to the overlying cortical plate,
whereas cortical interneurons originate from subpallium/ventral telencephalon and they
migrate tangentially over long distances to reach the cortical plate, where they migrate radially
to acquire their laminar positions. Interneurons originate mainly from medial ganglionic
eminence (MGE), caudal ganglionic eminence (CGE), and preoptic area (POA) of the ventral
telencephalon. Abbreviations: CP, cortical plate; CPN, callosal projection neuron; CSMN,
corticospinal motor neuron; CThPN, corticothalamic projection neuron; E, embryonic; IPC,
intermediate precursor cell; IZ, intermediate zone; MZ, marginal zone; P, postnatal; RGC,
radial glial cells; SAP, subapical progenitor; SP, subplate; SVZ, subventricular zone; VZ,
ventricular zone (Lodato & Arlotta 2015).

to form the first layer during mammalian corticogenesis, known as cortical primordial
plexiform layer, or preplate (// ( 71). Subsequently, the preplate is split
into peripheral marginal zone (MZ) and subplate (SP) by newly born neurons at E14 that
migrate along radial glial cells from the VZ. They occupy a new layer between these two
zones to form the cortical plate (CP), which is the final plate formed in corticogenesis,
where lamination of cortical layers forms in an inside-out fashion, i.e., L6 is formed first,
followed by L5 and so on (

). Earlier born neurons occupy deeper layers in the cortex,

while later born neurons bypass earlier-born neurons to occupy superficial layers



(Fig. 1.5). In rodents, the superficial L4 and L2/3 are
formed postnatally.

Excitatory neurons are generated from the proliferative zones of the pallium, and

they migrate radially to the overlying cortical plate in an ‘inside out’ fashion
. Inhibitory interneurons, on the other hand, are generated
from the proliferative zones of the subpallium. They migrate tangentially over long
distances to reach their destination in the neocortex, where they migrate radially to acquire

their laminar positions and integrate in an ‘inside out’ fashion

Distinct interneuron types are generated in spatially and temporally distinct regions
in the ventral telencephalon. The ventral telencephalon consists of ganglionic eminences
(GE) and preoptic area (PoA)

. The GEs are present only in the embryonic and fetal stages of neural
development that guide cell and axon migration
They are found between the thalamus and caudate nucleus. The PoA lies ventral to the
GEs. The GEs in the ventral telencephalon are further subdivided into medial (MGE),
lateral (LGE), and caudal (CGE) ganglionic eminences based on their location within the
subventricular zone (SVZ) . Virtually all cortical GABAergic interneurons
are generated from the MGE and the CGE and, to a small extent, from PoA
. GABAergic interneurons are generated

between embryonic days E11-E17 in mice

1.4. Single-cell electrophysiology

To characterise individual neurons and to find the synaptic connectivity between
different neurons in a cortical microcircuitry, electrophysiological methods have been used
extensively in the recent decades. The most accurate way for recording ionic currents
involving action potential (AP) activity was made possible by the development of the
voltage clamp technique. Experiments by Hodgkin and Huxley in 1950s on squid giant
axons with 400 — 500 um diameter were performed using voltage clamp methods to study
the ionic mechanism involved in nerve excitation

However, this technique had a limitation insofar that it could be performed only on large
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Fig. 1.6. General principle of patch-clamp recording and recording methods.
(Left) A patch pipette with electrolyte solution is tightly sealed onto the cell membrane, which
causes the cell membrane to rupture upon quick suction. Thus the inside of the cell becomes
continuous with the pipette, which can be recorded by an electrode that is connected to an
amplifier. This gives access to changes in current and voltage within the cell. The four
recording methods for patch clamp are cell-attached mode, inside-out mode, whole-cell
recording mode, and outside-out mode (Source: Leica Sustems).
cells as sharp microelectrodes were used to penetrate the membrane. A scientific
breakthrough was achieved by Erwin Neher and Bert Sakmann in 1976 who received Nobel
Prize for their development of patch clamp technique . This technique
revolutionised modern cellular electrophysiology by providing the possibility to access
single ionic channels with high resolution. Neher and Sakmann were able to successfully
patch cell membranes to record whole-cell currents and single-channel currents and

showed versatility in recording from any kind of cells

General principle of the patch-clamp technique

The patch clamp technique is a variation of voltage clamp. In this technique, a thin
glass pipette is pressed against a cell’s surface. The pipette is fitted with a chlorided silver
wire and filled with a electrolyte solution. Suction is applied to the inside of the pipette,
which results in a high resistance seal between pipette tip and cell membrane, commonly
referred to as giga seal or gigaohm seal because the resistance reaches the gigaohm range.
This is one of the crucial steps in patch clamp technique, which highly improves the quality
of recording by increasing the signal-to-noise ratio. After establishing the giga seal,
negative pressure is applied to break the patched cell membrane, which allows continuity
between the inside of the cell and the cell interior. By achieving this, all ions attached to
the patched membrane flows into the pipette, which are then recorded by a chlorinated

silver electrode connected to an electronic amplifier. This gives access to changes in
10



current and voltage within the cell. In voltage-clamp mode, the voltage is held constant by
which the ionic currents could be studied. In current-clamp mode, the membrane potential
changes can be studied by holding the current. This configuration of recording is called
whole-cell patch clamp technique, where it is possible to study the single cell properties,
such as passive membrane properties and action potential properties. Based on the
research question, three other configurations can be employed, such as cell-attached mode,
inside-out mode, and outside-out mode. In cell-attached mode, the cell membrane is not
disrupted, whereas in the other two configurations, the cytoplasmic domain or
extracellular domain of a membrane ‘patch’ is accessible following the retraction of pipette
(Fig. 1.6).

Application of the patch clamp technique

For correlated functional and morphological studies, intracellular markers such as
biocytin are used. Biocytin was added to the electrolyte solution, by which the patched
neurons were stained by post-hoc histological procedures and the morphology of stained
neurons were revealed . By visualising and tracing
the morphology of patched neuron with the help of bright-field microscope and
Neurolucida software, it was possible to generate three-dimensional neuronal

morphologies

To identify the presence of certain molecular markers in patched neurons, either
fluorescent dyes were added to the electrolyte solution, or the cell contents were aspirated
in the recording pipette. Immunostaining methods or single cell PCR made it possible to
identify the expression of certain molecular markers

. Recent development combines patch-clamp recording with single-cell RNA
sequencing to reveal the morphology, physiology and molecular expression of single

neurons simultaneously

The patch-clamp technique combined with intracellular labelling during recording
is the only reliable method available to date to characterise the morphological and
functional properties of identified, synaptically connected neurons. The method that allows
the identification of both pre- and postsynaptic neurons is called paired-recording, which
is generally combined with the intracellular injection of biocytin during recording so that

the morphology of both pre- and postsynaptic neuron can be identified

11



Therefore, the paired recording technique continues to be a powerful tool in the study of

neuronal microcircuitry.

1.5. Excitatory and inhibitory cortical networks

Cortical network formed of excitatory neurons are linear and highly predictable. For
example, a chain of connected excitatory neurons would excite each other at every step,
resulting in an avalanche of excitation without global stability. They excite each other,
independent of factors, like time, or strength of excitation. On the other hand, an
inhibitory network behaves entirely different. Following similar example, activation of an
inhibitory neuron in a chain would suppress its target inhibitory neuron, which might
induce inhibition to the third neuron resulting in increased activity of the third neuron.

Therefore, inhibitory circuits are hard-to-predict and show non-linearity.

Feed-back
inhibition

Feed-forward Disinhibition
inhibition

Fig. 1.7. Types of neural inhibition. Recruitment (green arrow) of an interneuron (red) by
an excitatory neuron (green) may cause inhibition (red line) to one of the three targets —
excitatory neuron upstream (feed-back), excitatory neuron downstream (feed-forward), or
another interneuron (disinhibition).

In a cortical circuit involving excitatory and inhibitory interneurons, the firing
patterns depend on the exact details of wiring connections and synaptic strength.
Inhibitory connection can be subdivided into three main types. In a feed-forward
inhibition system, recruitment of an interneuron by direct thalamic input or via excitatory

neurons causes decreased activity of other excitatory neurons (Fig. 1.7). This kind of

12



inhibition can substantially increase the temporal precision of firing, by narrowing the
temporal window of discharge probability of excitatory neurons
Inhibition of an interneuron is called disinhibition, because the target neuron is released

from inhibition.

In a recurrent or feedback inhibitory circuit, excitatory neuron activates an
interneuron, which in turn, inhibits the same excitatory neuron. Such kind of inhibition
provides stability by negative feedback. An extension of feedback inhibition is lateral
inhibition. This occurs when an interneuron is recruited by an excitatory neuron, which, in
turn, suppresses the activity of surrounding excitatory neurons. Lateral inhibition provides
contrast enhancement by suppressing the similarly activated surrounding neurons

(‘winner take all’).

1.6. Neuronal diversity in the neocortex
Excitatory neurons, though present in abundance, show relatively stereotypical
characteristics in their morphology, electrophysiology, and molecular identities. To
balance the excitatory effects generated by the majority group of principal cells, the
minority inhibitory interneurons compensate by their massive diversity with respect to

molecular, structural and functional properties

. Such diversity suggests that different groups of interneurons
are involved in different functions and synaptic inhibition acts in different ways
However, identification of synaptic connections of interneurons is
very difficult due to its diversity, which makes classification of interneurons pivotal in

determining their functional role in the barrel cortex microcircuitry.

PETILLA Nomenclature

Due to the discrepancies in the naming and classification of different interneuron
subtypes, an international group of researchers specialising in development, anatomy and/
or physiology collaborated for a general agreement regarding a universally acceptable
nomenclature and classification of neocortical interneurons (Petilla Interneuron
Nomenclature Group; ). Several features, such as laminar
projections, columnar projections, and positioning were used to classify a large sample of
inhibitory interneurons and statistical tools were used to group them into different

subtypes. Only those neuronal types that are more easily identifiable with their unique

13



axonal morphologies such as chandelier and Martinotti cells reached a high degree of

consensus ( see following text).

Pyramidal

Chandelier

O\({jﬁ Basket

b

Martinotti

Fig. 1.8. Morphological subtypes of interneurons. Schematics illustrating different
subtypes of GABAergic interneurons and their subcellular target to pyramidal cells in neuronal
networks of the rodent barrel cortex (Adapted and modified from Zaitsev, 2013).

Morphological criteria

Morphological diversity can be observed at the levels of subcellular target domains
and axonal projection pattern. Based on subcellular postsynaptic target innervation, there
are mainly three subtypes — axon-targeting, soma-targeting, and dendrite-targeting cells
(Fig. 1.8). Axonal projection pattern has a critical influence on the intra- and inter-
columnar processing and they reflect the maximum ‘inhibitory territory’ of a neuron, and
they determine the functional compartments the neuron will receive or transmit synaptic
information . Accordingly, the

axonal projections could be local, lateral, or translaminar

Electrophysiological criteria

The whole-cell patch clamp technique was used to study the active and passive
membrane properties of recorded neurons, using brief pulse of hyper- and depolarising
current injections. Subthreshold electrical parameters of the neuron such as resting
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potential, input resistance, sag, membrane time constant, and rheobase were used to
characterise the passive membrane properties. Action potential properties such as
threshold, amplitude, half-width, afterhyperpolarisation, and firing properties such as
inter-spike-interval, adaptation, and maximum firing frequency were used to characterise

interneurons.

Interneurons show very diverse types of firing pattern, such as, fast-spiking,
regular-spiking, burst-spiking, irregular spiking, and late-spiking

. In a simplified way, interneurons could be either fast-spiking (FS)

or non-fast spiking (nFS), where the latter include all the firing patterns except FS. Action

potential properties of nFS interneurons such as AP half-width, AHP amplitude, and firing

frequency fall between FS interneurons and excitatory neurons (Fig. 1.9).

A Excitatory Fast spiking Non-fast spiking
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Fig. 1.9. Membrane and firing properties of excitatory and inhibitory neurons. (A)
Firing pattern of excitatory (black), fast spiking interneuron (red), and non-fast spiking
interneuron (blue) in response to depolarising current injection. (B) Differences in action
potential duration, input resistance, membrane voltage and firing frequency elicited by three
groups of neurons (adapted from Gentet et al., 2010).

Molecular criteria

One of the most widely used ways of classify interneurons in the recent years is by
the molecular features of interneurons. Interneurons differ in their molecular fingerprint,
i.e. in the expression of transcription factors, neuromodulatory peptides, calcium-binding

proteins, and of receptors. The discovery of these markers was mostly possible by the use
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of immunostaining, conventional transgenic methods, Cre-transgenic mouse lines that
express a particular protein by conditional gene targeting approaches, qPCR for single-cell
gene profiling, modified RT-PCR, RNA-seq and more recently Patch-seq, which is a
modification of RNA-seq. A recent study by Rudy et al., 2011 suggested that nearly 100% of
all neocortical GABAergic interneurons belong to one of the three non-overlapping groups
defined by the expression of calcium-binding protein parvalbumin (PV) (40%), the

neuromodulatory peptide somatostatin (SOM) (30%) and the ionotropic serotonin

receptor 5HT3.R (30%) . However, a recent study using RNA-seq
shows that interneuron classes are extremely diverse and at least 16 different subclasses of
interneurons were identified (Fig. 1.10).
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Fig. 1.10. Classification of neocortical interneurons based on their molecular
expression. (A) Nearly 100% of all neocortical interneurons belong to one of the three groups
of molecular markers (Adapted from Rudy et al., 2011). (B) A recent study (Zeisel et al., 2015)
showing that interneuron classes are extremely diverse and at least 16 different subclasses were
identified based on the expression of molecular markers.

Based on the above-mentioned criteria, several classes of interneurons were
identified in rat barrel cortex. The best-studied interneuron classes are listed in the table

below.
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Chandelier cells Axon initial Mostly found Terminal axonal Fast-spiking Parvalbumin Depolarise
segments of in L2 and L6 branches resemble action potential pyramidal cells
pyramidal candlestick appearance
cells of the chandelier
Basket cells Soma and All layers Locally confined axon, Fast-spiking Parvalbumin Strong synaptic
proximal except L1 multipolar dendritic action potential depression
dendrites arbor
Martinotti cells Distal Abundant in Axon projects vertically Low-threshold Somatostatin Weak synaptic
dendrites of L5, present to form terminal firing/ non-fast facilitation
pyramidal in all layers branches in L1, sends spiking
cells except L1 horizontal collaterals
across columns
Neurogliaform Synaptic and | Presentin all Dense axonal arbor, Late spiking, 5HT3aR and Electrical
cells volume layers multipolar dendrites broad AP half- Reelin synapse with
transmission width other
interneurons.
Bipolar/Bitufted Interneurons Predominant Bipolar dendrites, axon Adapting, VIP Preferentially
cells in L2/3 spans through many bursting or inhibit
layers, confined to irregular firing somatostatin
home column interneurons

1.7. Shortcomings in the current method of classification

Due to the recent advances in molecular and genetic methods, it is now possible to
tag, and manipulate specific neuronal populations. In recent years, several studies aimed
at interneuron classification by identifying a specific group of interneuron using transgenic
animals expressing fluorescent protein or using Cre-recombinase technique. It is
questionable whether these kinds of classifications completely describe the function of an
interneuron subtype in the cortical network. A recent study by Linnarson and colleagues
on classification on neurons using large-scale single-cell RNA sequencing (RNA-seq)
identified 15 subclasses of neocortical interneurons based on the expression of molecular
markers. PV was the only non-overlapping group expressed by only one interneuron type,
whereas SOM was expressed by 3 interneuron subgroups, with varied degrees of co-
expression of Reelin, NPY, Lhx6, Calbindin2, and so on. Interestingly, 5HT3aR was
expressed by almost 11 interneuron subclasses, with co-expression of multiple molecular
markers . However, PV is known to be expressed by two distinct

groups of interneurons, such as basket cells and chandelier cells, which clearly have
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distinct morphology, electrophysiology and connectivity profiles

. Therefore, it is of paramount importance to choose unbiased and reliable
criteria, which give a clear functional relevance for the interneuron subtypes. For a
complete identification of the inhibitory network in the barrel cortex, it is essential to
characterise interneuron subtypes based on axonal and dendritic morphology because they

determine the structural and functional connectivity.

1.8. Aim of this study

Only few studies on the quantitative classification of structural and functional

properties of neocortical GABAergic interneurons are currently available

. Lg of rat barrel cortex shows the least dense population of
interneurons with only 8.1%, out of which PV expressing FS interneurons are present in
abundance . The other interneuron population - nFS interneurons
were described in previous studies as low threshold spiking (LTS) and/or regular spiking
non pyramidal cells (RSNP) in L4 of rodent barrel cortex

. However, to date no quantitative characterisation of nFS

interneurons in L4 of rat barrel cortex is available.

The aim of this study is to investigate the electrophysiological, morphological and
molecular properties of nFS interneurons and their synaptic connections with other
excitatory and inhibitory neurons in L4 of rat barrel cortex. This study was performed
using single and paired whole-cell patch clamp recordings, with simultaneous biocytin
fillings, morphological 3D reconstructions using Neurolucida® tracing software and
immunohistochemistry to quantitatively characterise nFS GABAergic interneurons and
their role in the neuronal micro-circuitry of the neocortex. The quantitative classification
was based mainly on the axonal innervation domains of nFS interneurons with reference to
cortical layers and columns, which helps in determining the function or type of presynaptic
neurons, and can also be used as a predictor of synaptic connectivity. In addition,
classification based on electrophysiological properties was also performed to identify the

heterogeneity of nFS interneurons firing patterns.
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2. Materials and methods

2.1. Slice preparation

All experiments were performed in accordance with the guidelines of the Federation
of European Laboratory Animal science Association (FELASA) and the German animal
welfare act. The animals used for this study were Wistar rats (Charles River, either sex)
aged 17-21 postnatal days (P17-21). The experimental procedure was adopted from Agmon
and Connors with minor modifications . The rats were
anaesthetised using isoflurane, decapitated and their brains transferred to ice cold (~4° C)
preparation solution with a high magnesium and low calcium concentration (i.e. 4 mM
MgCl. and 1 mM CaCl.) to minimise overall synaptic activity. The solution was bubbled
continuously with carbogen gas (95% O. and 5% CO.) to maintain adequate oxygenation
and physiological pH level. Oblique coronal slices of somatosensory cortex were cut at an
angle of 45° to the midline (Fig.
2.1). The tissue caudal to the cut was glued on to an ice-cold metal stage of a vibrating
microtome (HM 650 V, Microm) with the cut surface glued to the metal stage. The tissue
was totally immersed in ice-cold preparation solution, which was bubbled with carbogen
gas. The initial sections were discarded until the brain surface with striatum and
hippocampus started to appear. Brain slices of 350 um thickness were made at a high
vibration frequency and at a slow speed. The brain slices were incubated for about an hour

at room temperature (21-24 °C) in preparation solution.

2.2. Solutions

During whole-cell voltage recordings, slices were continuously perfused (perfusion
speed ~5 mL/min) with an artificial cerebrospinal fluid (ACSF) containing (in mM): 125
NaCl, 25 D-glucose, 25 NaHCO;, 2.5 KCl, 2 CaCl,, 1.25 NaH.PO, and 1 MgCl., bubbled
with carbogen gas and maintained between 30-33 °C. Patch pipettes (4-8 MQ) were pulled
from thick-wall borosilicate glass capillaries (outer diameter, 2.0 mm; inner diameter 1.0
mm) and filled with an internal solution containing (in mM): 135 K Gluconate, 4 KCI, 10
HEPES, 10 Phosphocreatine, 4 Mg-ATP and 0.3 GTP (pH 7.4, 290-300 mOsm). Biocytin
was added to the internal solution at a concentration of 4 mg/ml to label the patched

neurons during recording.



Fig. 2.1. Slice preparation. (A) Dorsal view of rat brain with barrel structures shown in
colours. Oblique coronal cut was made at an angle of 45° to the midline. (B) Schematic
representation of whiskers in the barrel cortex. The barrels are arranged in 5 rows A-E labeled
in different colours, with each row having 4-7 arcs. The four large caudal whiskers are
represented by four corresponding barrels mounting the first arc, and are designated by Greek
letters a, B, y and 9, labeled in black. (C) The cut end of the brain was glued to the metal stage
and brain sections were made at a thickness of 350 um using vibrating microtome.

2.3. Whole-cell patch clamp technique

Identification of non-fast spiking interneurons in L4 of rat barrel cortex
Slices were placed in the recording chamber under an upright microscope, fitted
with 4x/ 0.13 numerical aperture and 40x water immersion/0.80 numerical aperture
objectives (Olympus, Tokyo, Japan) with the hippocampus on the right side. Under bright-
field illumination at low magnification, L4 can be visualised as light hollow barrel-like
structures with narrow dark stripes in between . Even though
barrel structures were present in 6-8 slices, a continuous band of barrels were visible only
in the last 2-3 slices. Under infrared differential inference contrast (IR-DIC) microscopy,
individual L4 neurons were visualised at 40x magnification
(Fig. 2.2A). Interneurons could be

distinguished from excitatory neurons by their large, ovoid shaped soma with no clearly

20



visible apical dendrite like structure

(Fig. 2.2B). Another feature of interneurons in L4 is that they never form clusters,
unlike excitatory neurons . However, the soma morphology does not
allow a clear distinction between FS and nFS interneurons. We used intrinsic firing
patterns recorded in current clamp mode to reliably differentiate nFS interneurons from
other neuron types. Interneurons of the nFS type display a firing pattern intermediate to
excitatory neurons and FS interneurons (Fig. 2.2C). They show broad AP and AHP
compared to FS interneurons, low firing frequency at highest current injection and high

spike frequency adaptation

Single cell recordings
Whole cell patch-clamp recordings were performed using patch pipettes of 5-7 MQ
resistance pulled of thick borosilicate glass capillaries (outer diameter, 2.0 mm; inner
diameter 1.0 mm). Pipettes were filled with internal solution and biocytin to label the
patched neuron. Infrared video microscopy was used for the visualisation of neurons in
barrel cortex. Neurons were selected based on their large, ovoid shaped soma with no
clearly visible apical dendrite and those that are located at the barrel borders
. Stimulation protocols were programmed using “Patch master”
software (Heka Elektronik). Signals were recorded by the recording electrode which is a
chloride silver electrode connected to a pre-amplifier, which sends signal to another
amplifier (EPC10, HEKA, Lambrecht, Germany) and finally to the computer. A ground
electrode was used to set the zero level. Micromanipulators were used to control the
movement of pipettes with high precision in three-dimensional planes. A slight positive
pressure was applied to the pipette to prevent any blockage before patching. Upon contact
with the soma, a small dimple could be visible due to the positive pressure from the
pipette, which causes slight increase in resistance. Suction was applied to facilitate the
increase in resistance up to gigaohm range — also known as gigaseal. Resistance values of 1
GQ or more within seconds guaranteed a good signal-to-noise ratio. To break the cell
membrane attached to the pipette, further suction was applied which formed a direct

connection between the neuronal cytoplasm and the patch pipette.

Dual recordings

GABAergic interneurons show high connectivity with other neuron types

. Therefore we followed a procedure called ‘dual’ or ‘paired’ recording to find
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connections between neurons. nFS interneurons were patched in whole-cell mode as the
pre-neuron and a prospective post-synaptic neuron was also patched within the same
barrel in whole-cell mode. Membrane potential of the post-neuron was set to a holding
potential of -55 mV to increase driving force for Cl- thereby facilitating the identification of
inhibitory connections. An action potential was elicited in the pre-neuron and the
inhibitory response of post-synaptic neuron was monitored for a possible post-synaptic
potential. If a connection was found between pre- and post-neuron, we continued
recording the response of post-synaptic neuron by eliciting action potentials in the pre-

synaptic neurons.

1 |20 mV
200 pA
| p

'250 um

200 ms

Fig. 2.2. nFS interneuron identification. (A) Photograph of an acute thalamocortical
brain slice showing the light-hollow barrels in L4 and the patch pipette . (B) IR-DIC image of a
L4 nFS interneuron during patching with patch pipette (Scale bar: 10 um). (C) Identification of
nFS shown in A was confirmed by the firing pattern. Injection of rectangular current pulse is
shown in red traces and the corresponding voltage response in blue (first spike) and black (10
spike train).

Immunohistochemical staining

For the identification of molecular markers expressed by GABAergic interneurons,
we prepared brain slices at a thickness of 200 pm using vibratome. The brain slices were
immediately fixed with 4% PFA in 0.1 M phosphate buffer (PB) solution (pH 7.4) for at
least 24 hour at 4°C. Slices were then permeabilised in 0.5% Triton X-100 in 0.1 M PB with
1% milk powder for 1 hour at room temperature. Primary and secondary antibodies were
diluted with the permeabilisation solution with 0.5% Triton X-100 and 0.1 M PB. The
primary antibodies used were against PV (mouse monoclonal, 1:500, P3088, Sigma-
aldrich), SOM (rabbit polyclonal, 1:500, sc-13099, Santa Cruz Biotechnology, Heidelberg,
Germany), sHT3aR (goat polyclonal, 1:500, ab51950, Abcam), and Prox-1 (goat polyclonal,
1:100, AF2727, R&D systems). After incubating in primary antibodies overnight at 4 °C,
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the slices were rinsed thoroughly with 0.1 M PB which was followed by incubating the
slices with secondary antibodies for 2-3 hrs at room temperature in dark. The secondary
antibodies used were Alexa Fluor® 647 (1:500), Alexa Fluor® 594 (1:500), and Alexa
Fluor® 488 (1:500, all Invitrogen) conjugated with goat, mouse or rabbit. Controls were
also performed with the absence of secondary antibody. After final rinsing with 0.1 M PB
for several times, the slices were embedded in Moviol and viewed using Epifluorescence
microscope. The fluorescence images were taken using CellSans system from Olympus Life

Sciences.

In some experiments, to identify the molecular markers expressed by nFS
interneurons, we added Alexa Fluor® 594 biocytin salt (1:500, Invitrogen, Darmstadt,
Germany) to the internal solution (composition as described before) to identify the
patched neurons in the post-hoc antibody labeling methods. After recording, the slices
were fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) solution (pH
7.4) for at least 24 hour at 4 °C and repeated the same procedure as mentioned before. The
position of the biocytin stained neuron could be visualised by the conjugated Alexa dye,
which would then be verified for the presence of a specific molecular marker. After
collecting the fluorescence data, the slices were incubated in 0.1 M PB overnight, which

was later followed by biocytin processing to get the morphological data.

2.4. Analysis of electrophysiological parameters

Passive membrane properties

Resting membrane potential (RMP) was measured immediately after breaking in
through the cell membrane. The series resistance was also measured, which corrects the
membrane voltage errors under conditions of high access resistance between pipette and
cell interior. Only neurons with a stable RMP between -50 and -75 mV and with a series
resistance of less than 40 MQ were included for data analysis to guarantee a high recording
quality. Membrane properties such as input resistance, membrane time constant and
voltage sag were measured. The recorded data was analysed using custom-written macros

(courtesy of Dr. Karlijn van Aerde) in Igor Pro 6 (Wavemetrics).

Active properties
Action potential (AP) was elicited using rectangular current pulse injection for 1 s, at

varied current steps. A smaller increase in step size of 10 pA was used to identify the first
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AP. The properties of single AP such as AP threshold, AP half-width, AP time, AP
amplitude, and after-hyperpolarisation (AHP) amplitude were measured at the first ever
elicited AP, since this ensures lowest variance due to the fact that it is not influenced by

sustained stimulation and it is very close to the native threshold.

A larger increase in step size of 25 pA was used to identify the firing properties. The
first AP train with a minimum of ten spikes was used to measure the inter-spike interval

(IST), and spike frequency adaptation.

Electrophysiological data analysis

The input resistance (Rin) was calculated by plotting the relation between changes in
voltage and the injected current. The values lying in the range between -50 and 50 pA
current injection were fitted using a linear regression and the slope of the linear fit was

measured as the input resistance (Fig. 2.3A).
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Fig. 2.3. Passive membrane properties. (A) The initial (red circle) and sustained (green
line) membrane voltage was plotted against the injected current. The linear slope fitted between
-50 and 50 pA was measured as input resistance. (B) Voltage sag seen during hyperpolarizing
potential.

The membrane time constant tau T (ms) indicates the time for the membrane
potential to fall from the resting membrane potential to 1/e (~63%) of its final value in the
changing curve during the application of a small negative current pulse. The shorter the

time constant, the faster the membrane potential is fully polarised.
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A voltage ‘sag’ is sometimes seen at hyperpolarising potentials, which is mediated by
hyper polarisation activated, cyclic-nucleotide gated (HCN) channels. The voltage sag was
quantified by the sag index, which was calculated as the difference between the most
hyperpolarised voltage and the steady-state voltage deflection, divided by the steady-state
deflection (Fig. 2.3B).

AP threshold (mV), AP time (ms), and rheobase (pA) were measured as the
minimum voltage, time and current respectively, which were required for the initiation of
first spike (Fig. 2.4A). AP amplitude (mV) was measured by calculating the voltage
difference between the maximum and the threshold during depolarisation. AP half-width
(ms) was determined as the time difference between rising phase and decaying phase of
the AP at half-maximum amplitude. AHP amplitude (mV) was calculated as the difference
voltage difference between minimum and the threshold during hyperpolarisation (Fig.
2.4B). AP accommodation is measured as the difference between the first three AP peak
and the last three AP peak on a 10-spike train. AHP accommodation is measured as the

difference between the first and the last AHP peak on a 10-spike train.

Since the excitability of a neuron depends on multiple properties, like RMP, AP

threshold and Rin, an index was used to measure the excitability of a neuron

Excitability index (EI) = (RMP-AP threshold)/Rin.

The inter-spike interval (ISI) (ms) is defined as the time taken between individual
spikes and was calculated as an average during 10-spike train. The spike frequency
adaptation ratio was calculated as the ratio of the mean of first three ISIs and the last three
ISIs in a 10-spike train (Fig. 2.4C). Value close to 1 would mean no adaptation, and close
to 0 would mean very high adaptation. Since not all neurons could be injected with similar
highest current value as this might lead rapid saturation in some but not in all neurons, it
was not possible to measure the highest firing frequency based on a specified highest
current injection. Therefore, the average firing frequency of the neuron was assessed
measuring multiple firing frequency responses following current injections ranging from o
to 300 pA. The values lying in the linear range were fitted using a linear regression and the

average firing frequency per 100 pA of the neuron was calculated (Fig. 2.4D).
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Fig. 2.4. Active membrane properties. (A) Action potential (AP) threshold was measured
as the minimum voltage required for the initiation of first spike. Rheobase was measured as the
minimum current required to generate the first spike. Blue trace corresponds to threshold
current and voltage. Black trace corresponds to pre-threshold current and voltage. Inset: AP
halfwidth was measured as the time difference between rising and decaying phase of the AP at
half-maximum amplitude. (B) Calculation of AP amplitude and AHP amplitude are shown. (C)
Inter-spike interval (ISI) was calculated as an average of time taken between individual spikes
in a ten-spike train. (D) Average firing frequency was calculated by plotting number of spikes
against injected current. The slope of linear fit corresponds to the average firing frequency per
100 pA current injection.

Synaptic physiology

Synaptic parameters such as PSP amplitude, latency, rise time and decay time were
analysed as described in previous studies . The recorded data
were analysed using custom-written algorithms (Igor Pro; Wavemetrics, Lake Oswego,
OR). First, an average sweep was generated after aligning the individual sweeps to their

corresponding presynaptic AP peaks. The PSP peak amplitude, Vpeak, was calculated as
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Fig.2.5. Analysis of synaptic properties (latency, amplitude, noise, rise time, and
decay time). Paired recording was performed between a L4 non-fast spiking interneuron
(bottom) and a L4 spiny neuron (top) (Vm, membrane potential). The latency was defined as
the time interval between the peak of presynaptic AP and the onset of the IPSP (dashed vertical
lines). IPSP amplitude, Vpeak, was calculated as the difference between maximum voltage, Vb1,
and the mean baseline amplitude, Vai. Vnoise was calculated as the difference between Vb2 and
Vaz (refer text for details). Rise time was calculated as the mean time to rise from 20% to 80%
(two crosses) of the peak amplitude. The onset of the IPSP was obtained using a parabolic fit of
the IPSP rising phase to the baseline. The decay of IPSP was fitted with exponential fit to the
falling phase of the IPSP (blue line).

the difference between maximum voltage and mean baseline amplitude. The maximum
voltage, Vb1, was measured within a ‘peak search window’ of 5 ms as a mean over 0.5-1 ms.
The mean baseline amplitude, Va1, was measured in a baseline region of 5 ms just
preceding the PSP. The PSP noise amplitude, Vnoise, was calculated in a similar manner as
Vpeak, where a second maximum voltage, Vb2, and a second baseline amplitude, Vb1, were
measured in a similar duration as Vb1 and Va1, and were separated by the same interval.
Rise time was calculated as the mean time to rise from 20% to 80% of the peak amplitude
as determined from the number of trials (linear fit). The latency was calculated as the time

interval between the peak AP amplitude and the onset of the PSP. The decay time constant
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Fig. 2.6. Schematic representation of experimental approach. Single neurons and
paired neurons were recorded using whole-cell patch clamp technique and were filled with
biocytin. nFS interneurons were identified using their firing pattern. After recording, biocytin
labelling was processed using immunohistochemical methods, which allowed us to identify the
morphology of patched nFS interneurons. Later, the stained neurons were reconstructed using
Neurolucida software to get the complete 3D morphology of patched neurons. Axon is labeled in
blue, soma and dendrites in red.
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was measured using single exponential fits to the decay phase of both individual and
averaged responses. The background noise of the recordings was calculated by the
standard deviation (s.d.) of Vnoise (Fig. 2.5). The coefficient of variation (c.v.) of PSP
amplitudes was calculated by subtracting the variance of the baseline noise from the
variance of the PSP peak amplitude. Failures were defined as events with amplitudes less

than 1.5 times the s.d. of the noise.

2.5. Morphological 3D reconstructions and analysis
Histological procedures

Slices containing biocytin filled neurons were later fixed in 4% PFA in 100 mM PB
solution for at least 24 hour at 4 °C. The slices were then incubated in about 2 mL of H.O.,
solution for about 20 min to block any endogenous peroxidase activity. After rinsing the
slices several times using 100 mM PB solution, they were incubated in 1% avidin-
biotinylated horseradish peroxidase (Vector ABC staining kit, Vector Lab. Inc.) containing
0.1% Triton X-100 for 1 hr at room temperature. It was followed by chromogen reaction by
adding 3,3-diaminobenzidine (Sigma-Aldrich, USA) until the biocytin filled neurons with
clear axonal and dendritic branches were clearly visible. The slices were again rinsed with
100 mM PB solution several times, followed by slow dehydration using ethanol and xylene.
Finally the slices were mounted on gelatinised slides and embedded using Eukitt medium
(Otto Kindler GmbH)
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Morphological 3D reconstructions

Biocytin labelled neurons in L4 were morphologically reconstructed using
Neurolucida software (MicroBrightField, USA) and Olympus BX61 microscopy at 1000 X
magnification (100x objective and 10x eyepiece). Only slices with clear neuron labelling
and low background staining were considered for reconstruction (Supplementary Fig.
1,2). During single-cell reconstruction, axons were always labeled in blue, soma and
dendrites in red (Fig. 2.6). For synaptically coupled neurons, interneurons were labeled
blue and red,whereas, excitatory neurons were labeled black for axon and green for soma
and dendrites. Along with the neuronal reconstructions, demarcation between different
layers, barrel borders, pial surface, and white matter were labeled. After reconstruction,
the image was rotated such that the pial surface is aligned at the horizontal plane. Tissue
shrinkage, which could be observed during biocytin processing, was corrected in all axes
(factor 1.1 in the x and y axes, factor 2.1 in the z axes) . Analysis of 3D
reconstructed neurons was done with Neuroexplorer software (MicroBrightField, USA).
Morphological properties of neurons such as the length and the distribution of axon and

dendrites across different layers and adjacent barrels were analysed

2.6. Quantitative classification methods

Principal component analysis

The dataset of neurons were represented in the form of a matrix, where rows of the
matrix correspond to individual neurons and the columns to variables. The dataset was
then standardised, since not all the parameters used were in the same unit, especially
electrophysiological parameters. The standardised data set having mean o and standard
deviation 1 retained the properties of the original dataset. Principal Component Analysis
(PCA) was used to analyse the interrelation between variables and to reduce the
dimensionality of the dataset while still preserving the maximum variability. PCA reduces
the redundancy of the dataset by eliminating correlated variables that might double weigh
the variables. PCA produces linear combinations of the original variables to generate new
axes, also known as principal components (PC) that are orthogonal and therefore,

uncorrelated.

The variances explained by each PC are represented as eigenvalues. To determine

the number of PCs to retain for cluster analysis, we used Kaiser’s rule, which is one of the
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most widely used criterion. Kaiser’s rule is an objective way to determine the number of
clusters by leaving all components with eigenvalues less than one. Since the dataset is
standardised, the variables have an eigenvalue of one, and therefore PCs with eigenvalue
greater than one describe more of the data’s variance than an original variable. To visualise
the percentage of variance explained, we used Pareto charts, which give a graphical

representation of the variance explained by each PCs.

Hierarchical unsupervised cluster analysis
Quantitative classification was performed using agglomerative hierarchical
unsupervised Cluster Analysis (CA) that quantifies how different, or how similar two
neurons are. CA was performed on the dataset in PC space using Euclidean distances to
calculate the linkage distance. Ward’s minimum variance method was used for combining
clusters at each stage, which minimises the total within-cluster variance
. To have a visual representation of the distance at which clusters are combined, a
dendrogram was used where the vertical lines show joined clusters. The position of the line
indicates the distance at which clusters are joined. The number of optimal clusters was
determined using Thorndike procedure, where the linkage step with maximum linkage

distance was used for cutoff

K-means clustering

K-means is an alternative clustering tool, where the number of clusters, K is
predefined. In this study, K-means clustering was performed, with K equal to the number
of clusters from hierarchical clustering. The K-means method first randomly identifies
centroids for each cluster. Each dataset is grouped to the nearest centroid to form a set of
temporary clusters. The mean point of the temporary cluster is then assigned as the new
centroids, the data points are rearranged, and the process continues until there is no

change in the clusters.

Silhouette analysis

Silhouette analysis measures the quality of the clustering by calculating the
separation between the resulting clusters . The silhouette plot shows
a measure of how close each dataset in one cluster is to the neighbouring clusters. This

measure ranges between -1 to 1. Silhouette value near 1 means that the dataset in one
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cluster is far separated from the neighbouring clusters. A value of -1 indicates that the

dataset might be wrongly assigned.

2.7. Axonal and dendritic density maps

3D maps of axonal and dendritic length density were made using computerised 3D
reconstructions, where the axonal and dendritic tree length per unit volume of 50 x 50 x
50 um3 was calculated. The soma centre of each neuron was given the co-ordinates of X, Y,
Z = (0, 0, 0), and the relative co-ordinate of the beginning and endpoint of each segment in
the tracing were obtained using the segment points analysis in Neurolucida Explorer.
Further steps were carried out in Matlab using custom-written software (courtesy of Dr.
Guanxiao Qi and Dr. Haijun Wang). 3D density maps were constructed for each
reconstructed neuron from a single cluster, and then were averaged to get the 3D density
map for this cluster. Individual density maps were aligned with respect to the barrel centre
where the cell body is located. Barrel borders were identified in the low magnification (4x
objective) bright-field photomicrographs made during patch-clamp recording. The
averaged density map for each cluster was smoothed using the 3D smooth function in
Matlab with a Gaussian kernel (s.d. = 50 um). Isosurfaces were calculated at the 8o-
percentile for the smoothed density maps. Finally, axonal and dendritic density maps were

visualised in blue and red, respectively.

2.8. Statistical Analysis

Data are represented as meanzstandard deviation. For datasets with 3 or more
independent groups, one-way ANOVA could be performed if normal distribution can be
assumed. Non-parametric tests can be used when normal distribution cannot be assumed
due to small sample size. Since at least one of the groups had small sample size, we used
Kruskal-Wallis test (non-parametric) for multiple comparison, followed by a post hoc
Wilcoxon rank sum test (or, equivalently, the Mann-Whitney test) when 3 or more
independent groups were compared. In case of an extremely small sample size, i.e., less
than 4 in either of the groups, the Wilcoxon test was not used . In such

cases, t-test was used if the effect size is large
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3. Results

Previous studies on the classification of nFS interneurons were performed mainly
using transgenic mouse models expressing green fluorescence protein (GFP) in SOM

interneurons, which constitute 30% of the total interneuron population

However, large-scale single-cell RNA sequencing has recently revealed at least 16 different
interneuron types based on the molecular markers, and they show a huge overlap between
different interneuron types, with an exception of PV . This data
suggests that classification based on the expression of a certain molecular marker alone

might not provide complete information about a particular interneuron type.

The choice of parameters used to classify interneurons plays an important role in
providing a reliable classification. Previous studies relied on morphological parameters
such as the size, and shape of soma, number of axonal and dendritic nodes, branching
angle, segment length, and so on, to characterise the interneuron types

Classifications based on such parameters do not provide any meaningful
information regarding functional compartments the neuron will receive or transmit
synaptic information. Morphological parameters such as axonal projection pattern have a
critical influence on the intra- and inter-columnar processing. Therefore, in this study, we
performed the quantitative classification based mainly on the axonal innervation domains

of nFS interneurons with reference to cortical layers and columns.

We were able to successfully perform whole-cell patch-clamp recordings, with
simultaneous biocytin filling on 80 nFS interneurons in L4 of adult rat barrel cortex. After
biocytin processing, neurons were carefully selected to be able to make complete 3D
reconstructions. Some neurons with incomplete filling, or high background staining were
not reconstructed, resulting in 44 high quality complete 3D reconstructions of nFS
interneurons (Supplementary Fig. 1,2). Furthermore, another important factor in
providing a complete neuronal morphology is the brain-slicing angle. Therefore, we used
an additional criterion that calculates the number of axonal truncations, with careful visual
inspection on the location of truncation. With this criterion, neuronal reconstructions
having more than 15% truncations, and those near the cell soma were excluded from the

data analysis, resulting in 38 complete 3D reconstructions.



Analysis of 3D reconstructed neurons was performed using the Neuroexplorer
software (MicroBrightField, USA). We measured the total axonal and dendritic length, as

well as the fraction of axonal and dendritic length in different layers and columns (Fig.

3.1.1).
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Fig. 3.1.1. Morphological 3D reconstruction of L4 nFS interneuron.
Soma and dendrites are labeled in red, and axon in blue. Layers and barrel
borders were demarcated during reconstruction, to determine the fraction of
axonal and dendritic lengths in different layers, barrels (grey) and in the home
and neighbouring barrel columns (yellow).
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3.1. Morphological Classification of nFS interneurons

Based on the morphological parameters we obtained, we performed CA on the
dataset of 38 neuronal reconstructions in PC space to classify nFS interneurons based on
their axonal and dendritic projection patterns. The first three PCs with eigenvalues greater
than one were retained for cluster analysis, and they show a variance of more than 80%
(Fig. 3.1.2). Hierarchical unsupervised CA revealed three distinct morphological clusters

of L4 nFS interneurons, as shown in the dendrogram in Fig. 3.1.3A (labeled violet, light
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Fig 3.1.2. Principal component analysis of L4 nFS interneurons. (A) The dataset were
standardised. The numbers of principal components (PC) to be retained for cluster analysis
were determined using Kaiser’s rule (with eigenvalues greater than one). (B) Pareto plot shows
the percentage of variance explained by each PC. Grey line represents the variance explained by
individual PC, and red line represents the variance explained by cumulative PCs.

blue and teal). The optimal number of clusters was determined by Thorndike method with
the largest linkage distance, which is used as the cut-off (Fig. 3.1.3B). The three clusters
were distinct in their axonal and dendritic projections patterns. Cluster 1 (C1) neurons
showed distinct axonal and dendritic projections to neighbouring barrels and was
therefore designated as lateral projection neurons. Cluster 2 (C2) neurons were
distinguished by their columnar confinement of axons and dendrites and thus called as
intra-columnar projection neurons. Furthermore, two subcategories of C2 were found,
with differences in their projection in home barrel. Cluster 3 (C3) neurons displayed a
distinct axonal projection, with extensive branching in extra-granular layers, and little
projection in the home layer. C3 was further divided into two sub-clusters. C3a showed

massive projections in L2/3, whereas C3b showed bipolar dendritic pattern and sparse
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Fig 3.1.3. Morphological analysis of L4 nFS interneurons using Hierarchical
clustering. (A) Ward’s method of hierarchical cluster analysis was used to identify different
clusters from 38 nFS interneurons based on morphological parameters. The X-axis of
dendrogram shows individual neurons, and the Y-axis corresponds to the linkage distance
measured by Euclidean distance. (B) The cut-off for significant clusters was determined using
the Thorndike method. Cluster 1 is shown in violet, cluster 2 in light blue, and cluster 3 in teal.
(C) The pie chart projects the percentage of each cluster, with the same colour code as in
dendrogram.
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Fig 3.1.4. Validation of morphological analysis of L4 nFS interneurons. (A) Biplot of
the dataset in principal component space. The morphological parameters are labeled in blue
vectors, and illustrate the contribution of each parameter in 3PC space. Each dataset is color
coded as in the dendrogram. (B) Silhouette plot for the morphological clusters. The x-axis
represents the silhouette value, and Y-axis represents the different clusters. Large values close
to 1 indicate that clusters are well separated.
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Fig. 3.1.5. Representative examples for each of the three clusters. Neurolucida
reconstructions of L4 nFS interneurons are classified into three distinct clusters, based on their
axonal and dendritic projection pattern. (A) Cluster 1 shows interneurons with lateral
projection pattern, (B) Subgroups of Cluster 2 showing intra-columnar projection pattern, (C)
Subgroups of Cluster 3 showing extra-granular projection patterns. Axons are labeled in blue,

and somatodendrites in red. Somatodendritic domains are shown again separately near each
reconstruction for clarity purpose.
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projections to the supra- and infra-granular layers, much like VIP neurons. To summarise,
38 nFS interneurons in L4 were classified into three main clusters, with 8 neurons in C1
(21%), 24 neurons in C2 (63%), and 6 neurons in C3 (16%) (Fig. 3.1.3C). The
representative neurons for each cluster are shown in Fig. 3.1.5. (See Supplementary

figures for individual neurons belonging to each cluster)

Parameters Cluster 1(8) Cluster2(24) Cluster 3 (6) Ig.vuaslll(izl 1vs 2 1vs3 2vs3
Axg?.::.ﬁg:a- 23.71+7.41 23.13+14.17 50.71+27.23 * ns ** **
Axon Layer 4 69.07+7.42 70.37+£12.32 14.47+6.63 FHE ns FHE FRER
A;g‘ﬂgiga' 8.73+5 6.77+5.42 24.41+21.44 ns ns ns ns
Ax«l))ggglme 37.96+8.21 61+12.16 10.25+4.45 FHEX R FHE e
Axmll) ;&r(li:]:;cent 16.38+4.96 1.74+3.03 1+0.82 Fxx xR FrE ns
Ac’::;:: ;11::;:- 69.11+10.61 93.22+7.34 82.09+8.56 EHER e * **
Den;rl;i;c;f;pra- 1.49+1.99 7.23+11.05 20.61+20.61 ** ns o w*
Dendrite Bayer g i R ES LX) 92.97+11.62 42.79+20.79 FHE ns ** T
Deg;i;ﬁllg‘fra- 5.08+6 0.6+1.21 37.82+23.76 FHRX ** w* Fwx
Den%‘:ﬁi e}llome 70.62+12.21 88.1+11.61 35.67+14.46 EHER ** o e
A djgce::trli:rrel 6.13+8.21 0.06+0.28 0.83+1.53 o xR ns ns
De:ﬁ‘&;ﬁ;ﬁ:‘ra- 85.27+14.96 99.5+1.25 97.23+3.17 o o ns ns

Table 3.1: Statistical analysis of the morphological parameters of L4 nFS
interneurons. All data are represented as mean + standard deviation. Statistical significance
between all the clusters were performed using Kruskal-Wallis test, and Wilcoxon rank sum test
was performed for the significant difference between individual clusters. Significant p-value is
represented as * < 0.05, ** < 0.01, *** < 0.001, **** < 0,0001

3D projections of the individual neurons in the PC space showed clear separation
between the three clusters (labeled with the same colour code as in dendrogram) with
relative contribution to each morphological parameter (blue lines) was shown in the biplot
(Fig. 3.1.4A). Cluster 3 showed 2 sub clusters, but they were clearly separated from the

other main clusters. In order to assess the quality of the hierarchical clusters obtained by
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Ward’s method, we performed K-means clustering with the predefined number of clusters
from hierarchical clustering. We found that the dataset in each cluster was exactly the
same for both the K-means and Hierarchical clustering. We plotted the silhouette width of
each clustering and found that the data points were well assigned for each cluster with

most of the widths close to 1 (Fig. 3.1.4B).
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Fig 3.1.6. Comparison of axonal parameters between three clusters. Axonal
parameters are significantly different in almost all the three clusters. Significant p-value is
represented as * < 0.05, ** < 0.01, *** < 0.001, **** < 0,0001

Cluster 1: Lateral projection neurons

The first group of neurons, i.e., C1 neurons consists of 8 neurons and thus constitutes
21% of the total nFS interneurons. The distinctive feature of C1 neurons was the significant
projection to adjacent barrels. This is a novel feature that has not yet been described for L4
interneurons (Fig. 3.1.10); these lateral projection interneurons may form the cellular
basis for lateral inhibition. C1 neurons also showed very dense and complex axonal
arborisation, having an average total axonal length of around 45,000 pm. One of the

lateral projection neurons displayed a massive axonal length of around 60,000 pm, which
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is one of the highest recorded in 1.4 neocortical interneurons. Dendrites had an average

total length of around 6,000 pm.

Only 69.1+10.6% of the axonal projections were within the home column, indicating
that significant fraction of axonal projections were outside the column. Almost half of the
lateral projections (16.4+5.0%) were targeted to the adjacent barrels (Fig. 3.1.5 A, 3.1.10
top). Such a high percentage of lateral projections have been found for some L2/3
interneuron types, but never in 14 interneurons . This
indicates that lateral inhibition may occur already at the first site of cortical processing. In
most cases, axons ascended and sent several collaterals to L2/3 and in few cases, the axons
terminated in L1 with horizontal collateral branches (Fig. 3.1.5A, 3.1.10 top). Axonal
branches to the infra-granular layers were limited (8.7+5.0%) to L5, and no projections in

L6 were found.
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Fig 3.1.7. Comparison of dendritic parameters between three clusters. Dendritic
parameters are significantly different in almost all the three clusters. Significant p-value is
represented as * < 0.05, ** < 0.01, *** < 0.001, **** < 0,0001
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Interestingly, dendritic projections followed similar projection pattern as axons, with
significant projections (6.1£8.2%) to the adjacent barrels (Fig. 3.1.7). However, they
showed only few axonal projections to the supra- or infra-granular layers. The dendrites
typically show multipolar arbors, with 4-7 primary dendrites. In most cases, the position of

soma was at the middle lower end of the barrel.

Cluster 2: Intra-columnar projection neurons

The second cluster, C2 comprised of 24 neurons, which constitute 63% of the total
nFS interneurons. Axonal branches were mostly confined to the home column
(93.22+7.34%) (Fig. 3.1.5B, 3.1.10 top). The two subgroups of C2 showed differences in

the axonal projection in the home barrel (Fig. 3.1.8).
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Fig 3.1.8. Comparison of Cluster 2 subtypes. Axonal and dendritic parameters are
significantly different in supra-granular, L4 and home barrel projections between C2a and
C2b sub-clusters. C2a is labeled as blue circles, and C2b as blue squares. Significant p-value is
represented as ** < 0.01, *** < 0.001, **** < 0,0001
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The first subgroup — C2a, comprised 18 neurons. The average total axonal length
was around 36,000 um, and the average total dendritic length was around 4,200 um. The
characteristic feature of this cluster was the dense local axonal projection that was largely
confined to the home barrel, a feature characteristic of neurogliaform cells (NGFC). Such
dense local axonal morphology limited to home barrel, designated as L4 barrel inhibitor
interneurons has also been described for fast-spiking cells in 1.4 of rat barrel cortex

. Most of the total axonal projections were confined to the home barrel
(64.96+11.35%), with few projections to the supra- and little to infra-granular layers
(18.38+12.47% and 7.15+6.02% respectively) (Fig. 3.1.5, 3.1.8, 3.1.10 bottom).
Dendrites displayed multi-polar arborisation and showed similar extensive projection to
the home barrel at 93.98+4.3%, with little to no projection to the supra- and infra-granular

layers (Fig. 3.1.8).

The second subgroup — C2b, contained 6 neurons with an average axonal length of
around 37,000 um and an average dendritic length of around 4,500 pm. Confined to the
home column, C2b neurons showed around only 49.14+4.17% of the axonal branches in L4
(Fig. 3.1.5, 3.1.10 bottom). A significant fraction of axonal branches (37.37+8.44%)
ascended and sent collaterals to L2/3 and L1, with little projections to L5 (5.65+3.13%).
Unlike C2a, a significantly high percent (24.96+6.22%) of the dendritic arbors ascend to
the supra-granular layers. Cell soma of all C2b neurons were positioned at the upper half of
the barrel, which might contribute to the significant projection to the supra-granular

layers.
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Fig 3.1.9. Comparison of Cluster 3 subtypes. Axonal projections to the supra- and
infra-granular layers are significantly different between C3a and C3b sub-clusters. C3a is
labeled as teal circles, and C3b as teal squares. Significant p-value is represented as ** < 0.01
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Cluster 3: Extra-granular projection neurons
The final cluster, C3 comprised 6 neurons, and constitute 16% of the total nFS
interneurons. A characteristic feature of this cluster was that axons project mainly outside

the home barrel (Fig. 3.1.5C, 3.1.10 top). C3 was further subdivided into two subgroups.

Axons of C3a nFS interneurons projected extensively in L2/3 and terminated in Li.
C3a interneurons showed extremely dense axonal projections with a very high average
total axonal length around 42,000 um, most of which was confined to the supra-granular
layers (83.59+6.75%) (Fig. 3.1.5C, 3.1.9, 3.1.10 bottom). Only 8.43+5.87% of the total
axon branches were within the home barrel, which was significantly different from the
other clusters. C3a axons projected horizontally in L2/3, with around 20% outside the
home column. The dendrites showed bipolar pattern, and displayed similar projection as

axons.

The second subgroup, C3b, showed morphological feature similar to those of
classical VIP-like neurons. They comprised the rarest neuron type. They showed a low
number of axonal collaterals, with an average total axonal length of around 20,000 pm
(Fig. 3.1.5C, 3.1.10 bottom). C3b showed almost equal projections to the supra- and
infra-granular layers (35.82+9.85% and 43.44+3.97% respectively) and very few
projections within the home barrel (12.06+2.27%) (Fig. 3.1.9). The dendrites were

bipolar, and showed extra-granular projections, just like axons (Fig. 3.1.5C).
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Fig. 3.1.10. Density maps of L4 nFS interneuron clusters. (Top) The axonal (blue) and
dendritic (red) maps are shown, along with 80 percentile of integrated axonal and dendritic
length density, labeled in grey. The intensity of colours describes the density of axons and
dendrites. The higher the colour intensity, the dense is the projection. (Bottom) Density maps of
sub-clusters C2a and C2b, and C3a and C3b.
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3.2.Intrinsic electrophysiological classification

Since the firing properties of L4 nFS interneurones were heterogenous, we sought to
classify the electrophysiological properties based on the passive membrane properties,
action-potential properties and firing patterns. We recorded 80 nFS interneurons in L4.
Only interneurons with a stable RMP that was more negative than -50 mV and a series

resistance below 40 MQ were included in the analysis, resulting in a total of 59

interneurons.
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Fig. 3.2.1. Electrophysiological analysis of L4 nFS interneurons using principal
component analysis. (A) The datasets were standardised. The numbers of principal
components with eigenvalues greater than one were retained for cluster analysis, leading to
five PCs. (B) The Pareto plot shows the amount of variance explained by the PCA components.
The five PCs explain around 75% of the total variance.

For the electrophysiological classification, we included FS interneurons as a control.
Parameters such as RMP, Ri,, sag, membrane time constant, rheobase, AP threshold, AP
half-width, AP amplitude, AP accommodation, AHP amplitude, AHP accommodation, ISI
average, ISI standard deviation, Adaptation ratio, and firing frequency/100 pA were

obtained from Igor Pro software.

Based on the above-mentioned parameters, we performed CA on the dataset of 59
single-cell recordings in PC space to classify L4 nFS interneurons. The first five PCs with
eigenvalues greater than one were retained for cluster analysis (Fig. 3.2.1A). The
percentage of variance explained by five PCs was about 75% (Fig. 3.2.1B). Using
Thorndike method as a cut-off to determine the number of clusters, hierarchical
unsupervised CA revealed two distinct electrophysiological clusters of nFS interneurons,
with FS interneurons as a clearly separate cluster (Cluster o/ Control). Cluster A was

highly heterogenous, with many sub-groups and consisted of 42 nFS interneurons. The



second cluster was divided into two sub-clusters. Since the electrophysiological properties
exhibited by the two sub-clusters were significantly different, we chose to consider them as
two separate main clusters, and therefore designated as Cluster B and Cluster C
respectively (Fig. 3.2.2A). Cluster A neurons constituted 71% of the total population and
showed strong adaptation and an irregular firing pattern; Cluster B comprised 10% of the
total population, displaying characteristic early accommodation. The third cluster, Cluster
C included 19% of the total population, showing regular spiking non-adapting firing
pattern (Fig. 3.2.2 C,D). (See Supplementary figures for firing pattern of all neurons.)
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Fig 3.2.2. Electrophysiological analysis of L4 nFS interneurons using Hierarchical
clustering. (A) Ward’s method of hierarchical cluster analysis was used to identify different
clusters from 59 nFS interneurons based on passive, AP and firing properties. The X-axis of
dendrogram shows individual neurons, and the Y-axis corresponds to the linkage distance
measured by Euclidean distance. FS interneurons were used as controls and were clearly
separated as one cluster (black). Cluster A is shown in violet, cluster B in orange, and cluster C
in pink. (B) The cut-off for significant clusters was determined using the Thorndike method. (C)
The pie chart displays the percentage of each cluster, with the same colour code as in
dendrogram. (D) Representative firing pattern for each cluster, showing 10-spike train. The
first AP is shown as inset.

The validation of hierarchical clustering was made using K-means clustering with K
equal to the number of clusters defined by the hierarchical clustering. Cluster A and the

control (FS) were clearly separated, and Cluster B and C were grouped together, as in
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Fig 3.2.3. Electrophysiological analysis of L4 nFS interneurons using Hierarchical
clustering. Silhouette plot for the electrophysiological clusters. The x-axis represents the
silhouette value, and Y-axis represents the different clusters. Large values close to 1 indicate
that clusters are well separated. Cluster B shows the mixed subgroups, with few outliers from

Cluster A.

hierarchical clustering. The second group also displayed some outliers from Cluster A. The
silhouette plot was used to assess the quality of clustering, which revealed that almost all

the clusters showed silhouette widths close to 1, proving well assigned clustering (Fig.

3.2.3).
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Fig. 3.2.4. Inter-spike interval of the three clusters. (A) In Cluster A, the ISI shows a
high degree of irregularity during the initial current injection. (B) In Cluster B, the ISI is
highest at the beginning in all sweeps. (C) An almost constant ISI is found in Cluster C
interneurons.

Cluster A: Adapting neurons
Cluster A (CA) constitutes the largest group of nFS interneurons, comprising of 42
neurons, i.e., 71% of the total nFS interneurons. A characteristic feature of this cluster was

the high frequency adaptation with irregular firing behaviour. The adaptation ratio of
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-58.71+£3.13 -60.56+4.28 -72.37+2.19  -66.91+6.56 i i NS

84.94+13.86  78.69+38.31 216.78+29.07 155.21+54.64 b o *
9.52+3.29 12.69+6.33 2.59+1.44 4.83+3.43 b b NS
7.56+0.76 9.05+4.54 13.31+2.36 12.77+6.01 NS NS NS

280.00+84.46 227.26+103.60 81.67+22.29 171.82+60.47 b NS NS

-24.47+3.58 -37.22+4.47 -43.69+3.18  -33.17+5.58 b * e
0.41+0.11 0.35+0.14 0.13+0.02 0.24+0.09 NS NS i
92.18+8.68 94.67+7.30 106.35+9.39  88.32+10.50 b NS b
0.20+0.03 0.44+0.08 0.46+0.05 0.56+0.13 NS b NS
23.79+3.56 11.26+3.43 9.48+3.23 21.18+2.83 NS o e
-1.12+0.40 -2.75+£1.75 -1.21+0.67 1.05+1.57 NS e *
5.47+3.16 6.97+2.98 0.12+3.12 3.03+1.74 e b NS

31.79+7.36 78.10+12.22  79.12+17.52 77.88+13.66 NS NS NS
5.74+3.21 63.86+40.52  34.90+15.06 7.48+2.98 NS o NS
3.02+2.53 0.19+0.11 0.70+0.37 0.91+0.06 o o *

26.72+6.72 15.90+4.60 17.54+7.14 9.74+4.16 NS b b

Table 3.2: Statistical analysis of the electrophysiological parameters of L4 nFS
interneurons. All data are represented as mean + standard deviation. Statistical significance
between all the clusters were performed using one-way ANOVA, and Tukey test was performed

for the significant difference between individual clusters. Significant p-value is represented as *
< 0.05, ¥* < 0.01, *** < 0.001, **** < 0,0001

0.2£0.1, which was calculated as the ratio of the average of first three ISI and the last three
ISI in a 10-spike train, reflected extremely high adaptation. To describe the irregularity of
firing pattern, we calculated the standard deviation of ISI during a 10-spike train. CA
showed the maximum standard deviation of 63.9+40.5, which showed significant

irregularity in the firing pattern.

To quantify the excitability of a neuron, we used the excitation index (EI) by
incorporating multiple intrinsic properties such as RMP, Ri,, and AP threshold (as
described before). The higher the EI, the less excitable is the neuron, and vice versa

. The membrane properties of CA neurons showed low
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excitability with an excitability index of 0.3+0.1 (Fig. 3.2.10). Although CA neurons were
more depolarised at the resting state (-60.6+4.3 mV), and AP threshold (-37.2+4.5 mV),
they displayed significantly lower Rin (78.7+36.3 MQ) suggesting the existence of a large
number of open leak channels which in turn would reduce neuronal excitability (rheobase
current: 227.3+ 103.6 pA) and result in a fast membrane time constant (tau: 9.1+4.5 ms)
(Table. 3.2). The large sag index of 12.7+6.3 indicates a high expression of HCN

channels, which may also contribute to the depolarised resting state
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Fig 3.2.5. Representative example of Cluster-A interneurons. (A) Firing pattern of a
representative Cluster-A during 10-spike train. The first, second, third, and last spikes are
labeled as black, red, green, and blue respectively. (B) Time derivative of membrane voltage,
dV/dt of the sweep shown in A. (C) Phase plot of representative Cluster-A interneurons. The
first, second, third, and last spikes are labeled as shown in (A). The first AP showed highest
amplitude, while the others gradually showed AP adaptation in the amplitude. A rapid onset,
and biphasic component during the rising phase of AP can be observed.

The half-width of AP spikes was much longer compared to the FS interneurons
(0.4£0.1 vs. 0.2£0.03 ms). To better examine the AP properties, we used phase plots in
which the rate of change of membrane potential with respect to time (dV/dt) was plotted
as a function of membrane potential (V) (Fig. 3.2.5). In CA, the phase plot revealed a
rapid spike onset and exhibits a biphasic component during the rising phase of the AP. In
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Fig. 3.11, the first, second, third, and the last spikes were labeled black, red, green, and
blue, respectively. The first AP displayed largest amplitude, while the others showed
gradual adaptation in their amplitude. CA neurons showed highest amplitude
accommodation (7.0+3.0 mV), which was calculated as the ratio of first three amplitude
peaks to the last three amplitude peaks. Similarly, the amplitude of AHP also displayed
significant accommodation (-2.7+1.7 mV) in a 10-spike train. The average AHP amplitude

of CA neurons was 11.3+3.4 mV (Fig. 3.2.9).

Cluster B: Accelerating neurons
Cluster B (CB) is the smallest cluster, consisting of only 6 neurons. One of the

characteristic features of CB neurons was an initial AP doublet followed by a relatively long
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Fig 3.2.6. Representative example of Cluster-B interneurons. (A) Firing pattern of a
representative Cluster-B during 10-spike train. The first, second, third, and last spikes are
labeled as black, red, green, and blue respectively. (B) Time derivative of membrane voltage,
dV/dt of the sweep shown in A. (C) Phase plot of representative Cluster-B interneurons. The
first, second, third, and last spikes are labeled as shown in (A). The first AP showed highest
amplitude, and the second AP showed lowest amplitude. A gradual amplitude adaptation can

be observed. A slow onset, and monophasic component during the rising phase of AP can be
noticed.
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ISI between the second and third AP. Subsequently, the ISI became gradually shorter

towards the end of the depolarisation indicating an AP acceleration (Fig.3.2.2D).

The excitability index of CB neurons was 0.1+0.02. The high excitability of CB
neurons was likely due to the extremely high Rin (216.8+29.1 MQ) of these L4 nFS
interneurons, in spite of displaying hyperpolarising RMP (-72.4+2.2 mV) and AP threshold
(-43.7+£3.2 mV). Therefore the rheobase current was small (81.7+22.3 pA) and membrane
time constant relatively slow (13.3+2.4 ms). The small sag index was indicative of a low

expression of HCN channels in CB neurons (sag: 2.6+1.4) (Fig. 3.2.10).

CB neurons displayed the highest AP amplitude (106.4+9.4 mV), compared to the
other clusters, whereas the AHP amplitude were relatively small (9.5+3.2 mV) (Table.
3.2, Fig. 3.2.9). CB neurons exhibited a spike doublet at the onset of the AP, followed by
AP amplitude adaptation. In every current injection, the initial spike exhibited the highest

amplitude, whereas the second spike displayed the smallest AP amplitude, as can be seen

A | B
WM B

-200-

Fig 3.2.7. Representative example of Cluster-C interneurons. (A) Firing pattern of a
representative Cluster-C during 10-spike train. The first, second, third, and last spikes are
labeled as black, red, green, and blue respectively. (B) Time derivative of membrane voltage,
dV/dt of the sweep shown in A. (C) Phase plot of representative Cluster-C interneurons. The
first, second, third, and last spikes are labeled as shown in (A). No amplitude adaptation can be
observed. A rapid onset, and biphasic component during the rising phase of AP can be noticed.
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in the phase plot displaying 10-spike train (in black and red traces). The phase plot

revealed monophasic component during the rising phase of the AP (Fig. 3.2.6).

Cluster C: Non-adapting neurons

Cluster C (CC) represented the regular spiking non-adapting group of nFS
interneurons, which constituted around 19% of the total population. Some interneuron of
this cluster displayed late-spiking behaviour, which is characteristic of NGFCs

. An adaptation ratio of 0.91+0.06 indicates the non-adapting

firing pattern of CC neurons (Fig. 3.2.2D).

CC neurons displayed an excitability index of 0.2+0.1. The RMP of CC neurons was
-66.9+6.6 mV, and the AP threshold was -33.2+5.6 mV. CC neurons had a high Ri
(155.2+54.6 MQ), slow membrane time constant (12.8+6.0 ms) and a small sag index value

(4.843.4). The rheobase current was 171.8+60.5 pA (Fig. 3.2.10).

On average, the AP displayed significantly lower amplitude compared to CA and CB
interneurons (88.3+10.5 mV). The phase plot of CC neurons revealed delayed onset of the
AP and biphasic component at the rising phase of the AP (Fig. 3.2.7). CC neurons
displayed a low firing frequency per 100 pA current injection (9.7+4.2 Hz). Characteristic

features of L4 nFS interneurons of cluster C were a broad AP width (0.6+0.1 ms) and a
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Fig. 3.2.8. Comparison of AHP amplitude and half-width among different clusters.
The clusters are displayed with the same colour code as in the dendrogram. Cluster A, B, and C
of nFS interneurons in purple, orange and pink, respectively. FS interneurons in black. There is
no difference between CA and CB, while CC displayed much larger AHP amplitude similar to the
ES interneurons. The half-width clearly separates CC neurons and the FS interneurons.
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large AHP amplitude (21.2+2.8 mV) (Fig. 3.2.9). While the AHP amplitude in CC
interneurons was very similar to that of FS interneurons (Fig. 3.2.8) and differed
significantly from that of the L4 nFS interneuron clusters A and B, the AP half-width was
much longer that than of FS interneurons (Fig. 3.2.8).
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Fig 3.2.9. Comparison of action potential properties between three clusters. The
electrophysiological clusters showed differences in AP threshold, half-width, amplitude, AP
accommodation, AHP amplitude and AHP accommodation. Significant p-value is represented
as *< 0.05, ** < 0.01, *** < 0.001, **** < 0,0001
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Fig 3.2.10. Comparison of passive and firing properties between three
clusters. The electrophysiological clusters showed differences in RMP, Rin, Sag,
Rheobase, firing frequency, ISI standard deviation, and adaptation ratio. Significant
p-value is represented as * < 0.05, ** < 0.01, *** < 0.001, **** < 0,0001
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3.3. Correlation between morphological and electrophysiological

clusters

Three distinct morphological and electrophysiological clusters of nFS interneurons
in L4 of rat barrel cortex were identified quantitatively using hierarchical unsupervised
cluster analysis. We tried to determine whether a correlation exists between morphological
and electrophysiological clusters, i.e. if a particular morphology is associated with a certain
firing pattern, or vice versa. We found that the morphological and electrophysiological

clusters were not tightly correlated (Fig. 3.3.1).

A dataset with a high quality electrophysiological recording may not have a complete
biocytin filling resulting in no morphological reconstruction. Similarly, a recording may
not be included in the dataset because of poor quality, but the biocytin staining could be
excellent. Such conditions may result in datasets only that are of sufficiently high quality
for either a morphological or electrophysiological analysis but not for both for the same
neuron. Therefore, not all the morphological reconstructions had their corresponding
intrinsic data, and vice versa. Fig 3.3.1 shows the dendrogram of morphological and
electrophysiological clusters with different colour codes. The vertical bars beneath each
dendrogram corresponds to the colour code of the other dendrogram. For dataset without
corresponding intrinsic properties or morphological reconstructions were left blank. We
found that morphological and electrophysiological clusters were not tightly correlated,

which is shown by the mixed colour bars for each cluster.

The difference between morphology and firing pattern could be due to several
reasons. The electrophysiological characteristics are not based on the axonal projection
patterns, but are linked to the presence of certain ion channels. Voltage gated ion channels
can be modulated by the activity of metabotropic G-protein coupled receptors,
extracellular Ca influx or intracellular Ca release and intracellular enzyme cascades. In
addition, the firing patterns are subjected to change with prolonged current injection. The
reliability of firing patterns can be questioned by the experimental artefacts such as
changes in temperature, potential mechanical disturbances due to the movement of the

recording pipette.
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Fig. 3.3.1. Comparison of morphological and electrophysiological clusters.
Unsupervised hierarchical clustering provides three distinct morphological and
electrophysiological clusters. The coloured bars beneath each dendrogram represents the colour
code from the other dendrogram. In electrophysiological dendrogram, Cluster A is shown to
have all the three types of morphological clusters.

While most of the morphologies from a single cluster showed diverse firing pattern,
we found that NGFCs from Cluster 2 displayed regular spiking non-accommodating firing

pattern, which is Cluster C of electrophysiological classification (Fig. 3.3.2A).
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Fig. 3.3.2. NGFCs - morphological and electrophysiological correlation. (A)
Morphological Cluster 2 neurons characteristic of intra-columnar projections consists partly of
NGFCs with radially projecting dense axonal plexus. All the neurons displayed here exhibit
regular spiking non-accommodating firing pattern, which is Cluster C (firing pattern labelled
pink) of electrophysiological classification. The firing pattern that is labelled black was not
included in the classification because of its high series resistance (45.93 MQ). (B) Another
characteristics of NGFCs is their synaptic property of paired pulse depression.

Morphologically, NGFCs show dense axonal plexus projecting radially, with multi-polar
dendritic arborisations. Based on their intrinsic properties, NGFCs are associated with
late-spiking behaviour. In this study, we found that late-onset alone cannot distinguish

NGFCs from other neuron types. The shape of the AP, which is expressed by the AP half-
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Fig. 3.3.3. Morphological reconstruction of a FS interneurons and its firing

pattern. Neuron displaying late-spiking onset and narrow AP shows bimodal axonal
projection to L2 and Lj.

width is an important criteria to define NGFCs. A late onset behaviour was also found for
L4 FS interneurons (see also ), but these interneurons have a short AP
half-width and show a completely different morphology (Fig. 3.3.3). Another interesting
feature of NGFCs are their synaptic properties (see also below), which exhibits short-term
depression in marked contrast to all other nFS interneurons types (see also chapter 3.4

below) (Fig. 3.3.2B).

57



3.4. Monosynaptic connections in L4 rat barrel cortex

In this study, we performed paired recordings to understand the synaptic
connectivity between different cell types in L4 of rat barrel cortex. These experiments were
performed in close collaboration with Dr. Guanxiao Qi. Since the connection probability of
L4 interneurons was very high, we performed double-recording, using direct patching of
the putative presynaptic neuron

, rather than the traditional search- and re-patch technique used for excitatory
connections . We were able
to find 25 synaptic connections with nFS interneurons in L4 of rat barrel cortex, with high
percentage of reciprocal connections (64%). Focussing on nFS interneurons, we have four
possible connections with other cell types in L4: nFS to excitatory, nES to FS, FS to nFS,
and nFS to excitatory, which will be described below. Synaptic connections involving nFS
interneurons can be characterised by the properties of post-synaptic potentials such as

amplitude, amplitude variation, latency, 20-80% rise time, and decay time.

The reliability of synaptic connection is an important property and can be described
by two factors: failure rate (the percentage of failures of a presynaptic AP to elicit an
unitary post-synaptic potential (PSP)) and the coefficient of variance (CV - standard
deviation of the unitary PSP amplitude which is normalised to the average amplitude). A
synaptic connection is considered reliable if the failure rate and the coefficient of variance

are low.

Short-term plasticity is an important phenomenon in synaptic physiology, that can
change neural information transmission by modifying synaptic efficacy in a timescale of
tens of milliseconds to few minutes. Synaptic efficacy can increase or decrease, which is
referred to as short-term facilitation, and short-term depression, respectively. The short-
term plasticity of synaptic connections can be characterised by the paired pulse behaviour,
i.e. the change in PSP amplitude during repetitive stimulation at a fixed interval (e.g., 100
ms). If the PSPs show a decrease in amplitude over a period of continuous stimulation, this
is called paired pulse depression. Similarly, paired pulse facilitation is characterised by an
increase in amplitude during continuous stimulation . The strength of a
connection is mainly dependent on the synaptic release probability, which is the

probability with which the release of neurotransmitter occurs in response to an AP at a



given synapse. Other factors that contribute to the strength of synaptic connections are the
number of synaptic contacts, and the quantal size (the size of postsynaptic depolarisation)

. The presynaptic release probability is related to the failure
rate, the CV and the paired pulse behaviour: for e.g., high failure rate, large CV and paired

pulse facilitation signify a low release probability.

Synaptic connectivity of NGFC

In this study two synaptic connections were found between NGFCs and excitatory
neuron in L4, one of which was reciprocally connected. NGFCs were identified
electrophysiologically on the basis of their broad APs, long AHPs, and non-adapting firing
pattern. The firing pattern of NGFCs was also associated with a late-spiking behaviour but
this was not always the case. Morphologically, NGFCs showed axonal projections mainly in
the home barrel. A representative example of a synaptic connection between a NGFC and a
spiny stellate (SS) neuron is shown in Fig. 3.4.1 and 3.4.2. This inhibitory pair showed a
strong synaptic connection with mean IPSP amplitude of 1.17 mV. The latency between the
peak of the AP and the unitary IPSP was 2.45 ms, which is significantly slower compared to
the fast latencies of less than 1 ms exhibited by FS interneurons in L4. For this connection,
the 20-80% IPSP rise time and decay time were also significantly longer compared to other
synaptic connections. The 20-80% rise time was 4.82 ms, and the decay time was 77.05
ms. A morphological reconstruction of this connection is also shown in Fig. 3.4.1. The
presynaptic NFGC displayed a dense axonal plexus within the home barrel and few
projections radiating to the supra- and infra-granular layers. The postsynaptic neuron is a

L4 SS neuron, showing spine-bearing dendritic branches largely confined to L4.

The short term plasticity of this inhibitory connection was demonstrated by eliciting
two APs at an ISI of 100 ms, and 10 APs at an ISI of 50 ms. This pair showed a strong
short-term depression with a PPR of 0.60 at an ISI of 100 ms. The small CV of 0.30 and
failure rate of 0% suggests strong and reliable depression by NGFCs on L4 SS neuron. The
latency for the second IPSP was longer (2.49 ms) than the first IPSP.

An excitatory connection between a SP neuron and a NGFC in L4 is illustrated in
3.4.3 and 3.4.4. This excitatory pair had a small mean EPSP amplitude of 0.51 mV,
compared to the reciprocal connection showing a mean IPSP amplitude of 2.46 mV. The

latency between the peak of the AP and the unitary EPSP was 1.08 ms. The 20-80% rise
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Fig. 3.4.1. NGFC-SS inhibitory connection. (A) Top, IR-DIC image of the brain slice
showing pipettes at the pre-synaptic and post-synaptic sites within a barrel. Middle, High
magnification images of the pre- and post-synaptic neurons. Bottom, the corresponding firing
patterns of the pre- (black) and post-synaptic (red) neurons. (B) A presynaptic AP (black trace)
and 10 consecutive superimposed IPSPs (red trace) and their mean IPSP (dark red trace) are
shown. (C) Morphological reconstruction of the NGFC-SS pair. NGFC axon is labeled in blue,
somatodendrites in red; SS axon is labeled in black, and somatodendrites in green. (D)
Histogram of IPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise
time, and decay time are shown.

60



| 1mV

| 20 mV

2ms

1mV

20mV

SN [ (S S G U G G U G

Fig. 3.4.2. Short-term plasticity of the NGFC-SS connection shown in 3.4.1. (A) Two
presynaptic APs (black trace) elicited at 100 ms interval and their corresponding 10 consecutive
IPSPs (top red trace) and their mean IPSP (bottom red trace) are shown. (B) The latencies of
first and second IPSPs are shown. (C) Train of ten presynaptic APs (black trace) elicited at 50
ms interval and the mean IPSP (red trace).

time was 0.66 ms, and the decay time was 40.3 ms, similar to the reciprocal inhibitory
connection with NGFC. Fig. 3.4.3 shows the morphological reconstruction of the L4 SP
neuron-NGFC excitatory connection. The presynaptic SP neuron is characterised by a
distinct apical dendrite extending to 1.2/3. The soma of the SP neuron was located in the
centre of the barrel. The postsynaptic neuron is a NGFC displaying a dense axonal plexus
that is mainly confined to the home barrel with few projections extended to L2/3. The

short-term plasticity of this excitatory connection exhibited paired-pulse depression with a
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PPR of 0.86 at an ISI of 100 ms. The failure rate and the CV were 11.7% and 0.51,

respectively.
A C Pia
Layer I
| 20 mV Layer II/IIL
JU/U/U/L‘__ 200 ms
Layer IV
B
—_.__.__I\"_‘_"‘—-——-n— | 1mV
| 20mv
Layer V
20 ms
D
12 5o ~
4 -
8 —
3 —
2
4
1 —
, 1] Il
0~ I | | | | | |
0.5 0.0 0.5 i.6 15 0.0 0.5 1.0 15 2.0 2.5 3.0
EPSP Amplitude (mV) Latency (ms)
2.0 - — —
4— = =
1.5 -
3 —
| 1.0 —
1 |_|_| |_|_| 0.5 -1
0 0
I I | | I | | 00T | | | I |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 o 10 20 30 40 50 60
trige (ms) Tdecay (M)

Fig. 3.4.3. SP-NGFC excitatory connection. (A) Top, IR-DIC image of the brain slice
showing pipettes at the pre-synaptic and post-synaptic sites within a barrel. Middle, High
magnification images of the pre- and post-synaptic neurons. Bottom, the corresponding firing
patterns of the pre- (black) and post-synaptic (red) neurons. (B) A presynaptic AP (black trace)
and 10 consecutive superimposed EPSPs (red trace) and their mean EPSP (dark red trace) are
shown. (C) Morphological reconstruction of the SP-NGFC pair. NGFC axon is labeled in blue,
somatodendrites in red; SP axon is labeled in black, and somatodendrites in green. (D)
Histogram of EPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise
time, and decay time are shown.
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Excitatory synapse: Excitatory neuron to nFS
A representative example of a SP to lateral projecting nFS interneuron excitatory
connection is shown in Figs. 3.4.5 and 3.4.6. This pair displayed EPSPs with a relatively

small amplitude (0.14 mV), a rise time of 1.53 ms, decay time of 11.6 ms and latency of 1.26
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Fig. 3.4.4. Short-term plasticity of the SP-NGFC connection shown in 3.4.3. (A) Two
presynaptic APs (black trace) elicited at 100 ms interval and their corresponding 10 consecutive
EPSPs (top red trace) and their mean EPSP (bottom red trace) are shown. (B) The latencies of
first and second EPSPs are shown. (C) Train of ten presynaptic APs (black trace) elicited at 50
ms interval and the mean EPSP (red trace).
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ms. The morphology of presynaptic SP neuron in L4 displayed apical dendrite extending to

L2/3 and axon projecting to deeper layers. The postsynaptic nFS interneurons displayed
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Fig. 3.4.5. SP to nFS excitatory connection. (A)(C) The firing patterns of the pre- (black)
and post-synaptic (red) neurons. (B) A presynaptic AP (black trace) and 10 consecutive
superimposed EPSPs (red trace) and their mean EPSP (dark red trace) are shown. (D)
Histogram of EPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise
time, and decay time are shown.
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Fig. 3.4.6. Short-term plasticity of the SP to nFS connection shown in 3.4.5. (A) Two
presynaptic doublet APs (black trace) elicited at 100 ms interval and their corresponding 10
consecutive EPSPs (top red trace) and their mean EPSP (bottom red trace) are shown. (B) The
latencies of first and second EPSPs are shown. (C) Train of ten presynaptic APs (black trace)
elicited at 50 ms interval and the mean EPSP (red trace).

significant axonal projections to the home barrel, supra-granular layers and also to the
adjacent barrel. The soma of both pre- and postsynaptic neurons were located at the centre

of the barrel, very close to each other. This weak SP-nFS connection exhibited short-term
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facilitation with PPR of 2.59 at an ISI of 100 ms. A low release probability of synaptic
vesicles was predicted by high failure rate (59.2%) and large CV (0.86).

Inhibitory synapse: nFS to excitatory neuron

A representative example of a synaptic connection between an intra-columnar
projecting nFS interneuron and an excitatory neuron is shown in Fig. 3.4.7 and 3.4.8. Due
to bad staining quality and improper embedding, the morphology of the pair could not be
recovered completely. Despite the sub-standard morphology we were able to identify the
intra-columnar projection pattern of the nFS interneuron. This pair is characterised by a
weak synapse with mean IPSP amplitude of 0.16 mV. The other characteristics such as

latency, 20-80% rise time, and decay time were measured as 0.98 ms, 1.23 ms, and 58.12
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Fig. 3.4.7. nFS to SS/SP inhibitory connection. (A)(C) The firing patterns of the pre-
(black) and post-synaptic (red) neurons.(B) A presynaptic AP (black trace) and 10 consecutive
superimposed IPSPs (red trace) and their mean IPSP (dark red trace) are shown.(D) Histogram
of IPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise time, and
decay time are shown.
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ms respectively. This synaptic connection between a L4 nFS interneuron and a L4 spiny
neuron exhibited weak short-term depression with a PPR of 0.98 at an ISI of 100 ms. High
failure rate (37%) and large CV (0.55) suggest a relatively low release probability of
synaptic vesicles, therefore weak and unreliable connection. The first and second latencies

of the IPSP were almost identical (0.98 and 0.99 respectively).

0.2mV

| 20mV

100 ms

Fig. 3.4.8. Short-term plasticity of the nFS to excitatory connection shown in 3.4.7.

(A) Two presynaptic APs (black trace) elicited at 100 ms interval and their corresponding 10

consecutive IPSPs (top red trace) and their mean IPSP (bottom red trace) are shown. (B) The
latencies of first and second IPSPs are shown. (C) Train of ten presynaptic APs (black trace)
elicited at 50 ms interval and the mean IPSP (red trace).
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Inhibitory connection: nFS to FS

A representative example of an inhibitory synaptic connection between nFS and FS
interneurons is shown in Fig. 3.4.9 and 3.4.10. From the incomplete morphology of the
pairs, the morphology of nFS interneuron appears to be confined to home barrel, similar to
that of the FS interneurons. As for the nFS interneuron-excitatory neuron connection, the
synaptic contact was weak with mean IPSP amplitude of 0.18 mV. Furthermore, IPSPs at
this connection showed a latency of 1.33 ms, 20-80% rise time was 1.12 ms, and the decay

time was 7.06 ms. This pair showed weak short-term facilitation with a PPR of 1.68 at an
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Fig. 3.4.9. nFS to FS inhibitory connection. (A)(C) The firing patterns of the pre- (black)
and post-synaptic (red) neurons. (B) A presynaptic AP (black trace) and 10 consecutive
superimposed IPSPs (red trace) and their mean IPSP (dark red trace) are shown. (D)
Histogram of IPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise
time, and decay time are shown.

ISI of 100 ms. Fig. 3.4.10 displays a clear weak inhibitory connection. During repetitive

presynaptic stimulation of presynaptic AP, the facilitation became more profound. A CV
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Fig. 3.4.10. Short-term plasticity of the nFS to FS connection shown in 3.4.9. (A)
Two presynaptic APs (black trace) elicited at 100 ms interval and their corresponding 10
consecutive IPSPs (top red trace) and their mean IPSP (bottom red trace) are shown. (B) The
latencies of first and second IPSPs are shown. (C) Train of ten presynaptic APs (black trace)
elicited at 50 ms interval and the mean IPSP (red trace).

value of 0.61 and high failure rate at 38% is indicative of a low release probability and a

highly unreliable synaptic connection between a nFS and a FS interneuron.

Inhibitory synapse: FS to nFS
Fig. 3.4.11 and 3.4.12 illustrates a representative example of a synaptic connection
between a FS and a nFS interneuron. This pair displayed an inhibitory synapse with mean

IPSP amplitude of 0.49 mV. The inhibitory connection is characterised by a short latency
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Fig. 3.4.11. FS to nFS inhibitory connection. (A)(C) The firing patterns of the pre- (black)
and post-synaptic (red) neurons. (B) A presynaptic AP (black trace) and 10 consecutive
superimposed IPSPs (red trace) and their mean IPSP (dark red trace) are shown. (D)
Histogram of IPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise
time, and decay time are shown.

of 0.64 ms, a 20-80% rise time of 1.12 ms and decay time of 14.4 ms. The strong short-term
depression with a PPR of 0.58, in conjunction with a low CV and the absence of failures
shows that this inhibitory connection between the FS and nFS interneuron is very reliable,

i.e. has a high neurotransmitter release probability.

Excitatory synapse: Excitatory to FS
In addition to synaptic connection established by nFS interneurons, we also studied
L4 neuronal microcircuits with FS interneurons. They show similar synaptic properties as

reported previously . Fig. 3.4.13 and 3.4.14
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shows a representative example of a monosynaptic connection between an excitatory and
an FS interneuron. EPSPs at this synapse had an average amplitude of 0.87 mV. The
latency was 1.41 ms, the 20-80% rise time was 0.41 ms, and the decay time was 8.76 ms.
The paired-pulse behaviour tested using two spike and ten-spike train demonstrated a
strong depression with a PPR of 0.71. No failures were observed for this connection and

the CV was 0.46 suggesting a highly reliable connection with FS interneuron.

20 mV

50 mV 50 ms

25 ms

Fig. 3.4.12. Short-term plasticity of the FS to nFS connection shown in 3.4.11. (A)
Two presynaptic APs (black trace) elicited at 100 ms interval and their corresponding 10
consecutive IPSPs (top red trace) and their mean IPSP (bottom red trace) are shown. (B) The
latencies of first and second IPSPs are shown.

Inhibitory synapse: ES to excitatory neuron

A representative example of a synaptic connection between a FS interneuron and an
excitatory neuron is illustrated in Fig. 3.4.15 and 3.4.16. This pair displayed an inhibitory
synapse with a mean IPSP amplitude of 2.94 mV. The latency between the AP peak and the
IPSP response was 0.97 ms, the 20-80% rise time was 1.24 ms, and the decay time was
37.02 ms. This synaptic connection showed a strong IPSP depression, with a PPR value of
0.79 and CV of 0.46. This pair also displayed 0% failure rate, which indicates a strong and
reliable connection.
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Fig. 3.4.13. Excitatory to FS excitatory connection. (A)(C) The firing patterns of the pre-
(black) and post-synaptic (red) neurons. (B) A presynaptic AP (black trace) and 10 consecutive
superimposed EPSPs (red trace) and their mean EPSP (dark red trace) are shown. (D)
Histogram of EPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise
time, and decay time are shown.
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Fig. 3.4.14. Short-term plasticity of the excitatory to FS connection shown in
3.4.13. (A) Two presynaptic APs (black trace) elicited at 100 ms interval and their
corresponding 10 consecutive EPSPs (top red trace) and their mean EPSP (bottom red trace)

are shown. (B) The latencies of first and second EPSPs are shown. (C) Train of ten presynaptic
APs (black trace) elicited at 50 ms interval and the mean EPSP (red trace).
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Fig. 3.4.15. FS to excitatory inhibitory connection. (A)(C) The firing patterns of the pre-
(black) and post-synaptic (red) neurons. (B) A presynaptic AP (black trace) and 10 consecutive
superimposed IPSPs (red trace) and their mean IPSP (dark red trace) are shown. (D)
Histogram of IPSP amplitude, noise (grey bars, along with amplitude), latency, 20-80% rise
time, and decay time are shown.
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Fig. 3.4.16. Short-term plasticity of the FS to excitatory connection shown in

3.4.15. (A) Two presynaptic APs (black trace) elicited at 100 ms interval and their
corresponding 10 consecutive IPSPs (top red trace) and their mean IPSP (bottom red trace) are
shown. (B) The latencies of first and second IPSPs are shown. (C) Train of ten presynaptic APs
(black trace) elicited at 50 ms interval and the mean EPSP (red trace).
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Results 3.4. Monosynaptic connections in L4 rat barrel cortex

Summary of L4 connections

The small PSP amplitudes, the high failure rate and the PPF observed here for

synaptic connections with nFS interneurons suggests that nFS interneurons establish weak

synaptic connections with a low neurotransmitter release probability. FS interneurons, on

the other hand, exhibited strong and reliable synaptic depression. We also found

connections with NGFC that exhibited strong short-term depression. Tables 3.4.1 - 3.4.5

summarise the properties of synaptic connections between different L4 neuron types and

their EPSP/IPSP characteristics.

Table 3.4.1: IPSP characteristics of L4 NGFC-excitatory neuron connections.

NGFC- Amplitude Latency 20-80%rise Decay Paired- Failure Coefficient
Exc (mV) (ms) time (ms) time pulseratio rate (%) of
(n=2) variation
Mean -1.840 2.38 4.33 61.0 0.58 0 0.25
SD 0.877 0.02 0.78 26.4 0.03 o} 0.04
Range -2.46--1.22 2.36- 3.78 - 4.88 42.3 - 0.56 - 0.60 0 0.23 - 0.28
2.39 79.7

Table 3.4.2: IPSP characteristics of L4 nFS-excitatory neuron connections.

Amplitude Latency 20-80% Decay Paired- Failure Coefficient
(mV) (ms) rise time time pulseratio rate (%) of
(ms) variation
Mean -0.59 1.26 2.55 32.3 1.15 26.3 0.58
SD 0.71 0.27 0.68 8.2 0.30 16.8 0.13
Range -2.15 - -0.05 0.72 - 1.26 - 3.29 22.2 - 0.76 - 1.54 0-47.5 0.31-0.69
1.59 40.9

Table 3.4.3: EPSP characteristics of L4 excitatory -nFS interneuron connections.

Amplitude Latency 20-80% Decay Paired- Failure Coefficient
(mV) (ms) rise time time pulse ratio rate (%) of
(ms) variation
Mean 0.27 1.37 0.79 10.5 2.41 61.7 1.08
SD 0.54 0.79 0.49 2.6 0.75 30.2 0.51
Range 0.02 - 1.61 0.83 - 0.37-1.53 6.9 - 1.93-4.20 0-90 0.39-1.72
2.75 13.5
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Table 3.4.4: IPSP characteristics of L4 nFS-FS interneuron connections.

Amplitude Latency 20-80% Paired- Failure @ Coefficient
rise time pulse ratio rate (%) of
(ms) variation
Mean -0.29 1.12 1.20 1.4 1.27 25.3 0.56
SD 0.06 0.32 0.63 2.5 0.42 1.4 0.06
Range -0.34--0.25 0.89 - 0.75-1.64 9.6 - 097-156 17.2-33.3 0.52-0.60
1.34 13.2

Table 3.4.5: IPSP characteristics of L4 FS-nFS interneuron connections.

Amplitude Latency 20-80% Paired- Failure Coefficient
rise time pulse rate (%) of
(ms) ratio variation
Mean -0.94 0.79 1.15 15.4 0.89 7.9 0.29
SD 0.56 0.32 0.28 12.0 0.35 16.3 0.16
Range -1.58 - -0.25 0.57 - 0.83-1.55 7.7 - 0.59-1.48 0-37.1 0.14-0.48
1.36 36.3

Fig. 3.4.17 summarises the synaptic connections of nFS interneurons showing distinct
morphological properties. Four distinct morphologies of nFS interneurons, such as lateral
projecting, VIP-like, Martinotti-like and NGFC-like L4 interneurons are shown here, that
exhibit significantly different axonal projection patterns. nFS interneurons are labeled in
blue (axon) and red (soma, dendrites), whereas the excitatory neurons are labeled in green
(axon) and black (soma, dendrites). VIP-like neurons showed little to no axonal projection
within the home barrel, therefore we were not able to find any inhibitory connection in L4.
Almost all the nFS interneurons showed paired-pulse facilitation. The first post-synaptic
amplitude was very weak showing small amplitude, which increased to more than two-fold
at the second stimulus. This suggests that nFS interneurons are recruited only during
continuous stimulation. NGFCs are the only group of nFS interneurons that showed paired
pulse depression. The long latency and slow decay could be the result from GABAg receptor

activation through volume transmission of GABA.

Fig. 3.4.18 summarises the short-term plasticity of interneurons in L4 of rat barrel
cortex. The three interneuron types - FS, nFS and NGFC clearly showed distinct short-term

plasticity in synaptic connections with other neuron types. Synaptic connections involving
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nFS interneurons generally showed weak connections (small amplitude; -0.53+0.63 mV
for inhibitory, and 0.27 mV+0.54 for excitatory connections) and short-term facilitation
(PPR = 1.17£0.30 for inhibitory, and 2.41+0.75 for excitatory connections), while those
involving FS interneurons tended to be strong and reliable (large amplitude; -1.54 +1.02
mV for inhibitory, and 2.66+3.18 mV for excitatory connections) and displayed short-term
depression (PPR = 0.79+0.21 for inhibitory, and 0.92+0.15 for excitatory connections).
Only two synaptic connections with NGFC were found in this study, both of which showed
short-term depression (PPR = 0.58+0.03 for inhibitory, and 0.86 for excitatory

connection).

L4 Lateral projection VIP-like neuron Martinotti-like neuron Neurogliaform-like neuron

L4

L5

100 pm

L6

[0.2mV [1mV 1 0.1mV [0.2mV ro2mv  |1mV

— 50ms

Fig. 3.4.17. Representative examples of synaptically coupled nFS interneurons
showing distinct morphologies in L4 of rat barrel cortex. (Top) Neurolucida
reconstructions of a biocytin-filled synaptically coupled neurons involving L4 nFS interneurons
and L4 excitatory neurons. Blue, nFS axon; red, nFS soma and dendrites; black, excitatory
neuron axon; green, excitatory neuron soma and dendrites. (Bottom) Firing patterns of nFS
interneuron (red) and excitatory neuron (black) and averaged postsynaptic potentials (PSP)
during paired presynaptic firing for excitatory (red) and inhibitory (black) connections.

An overview of the paired-pulse behaviour of different interneuron types is shown
in Fig. 3.4.19. Repetitive presynaptic firing at a fixed interval of 100 ms revealed the short-
term plasticity of different neuron types in L4. Most nFS interneurons exhibited weak
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paired-pulse facilitation, whereas the FS interneurons showed strong paired-pulse
depression (Fig. 3.4.19B). NGFC was the only nFS interneuron type that showed paired-
pulse depression. From this summary figure, it appears that interneurons determine the
paired-pulse behaviour of synaptic connections, be it pre- or post-synaptic. Between two
interneurons, it is the presynaptic interneuron that governs the short-term synaptic
plasticity. An inhibitory connection from nFS to FS interneuron displayed paired-pulse

facilitation, whereas the reciprocal connection showed paired-pulse depression.
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Fig. 3.4.18. Summary plot of 1st PSP amplitude versus the paired-pulse ratio (PPR)
of different L4 synaptic connections. Synaptic connections of different L4 neurons are
displayed with mean (centre )and standard deviation (error bars). Red, blue, and green colours
represent synaptic connections with nFS, FS, and NGFC respectively. Filled circles with black
outline represent excitatory synapse, and open squares represent inhibitory synapse.
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Fig. 3.4.19 Paired pulse behaviour of L4 neurons in rat barrel cortex. (A)
Comparison of averaged excitatory/inhibitory PSPs during repetitive presynaptic firing for
synaptic pairs involving L4 non-fast (left), fast (middle) spiking interneurons and NGFCs
(right). (B) Summary data of normalised PSPs during repetitive presynaptic firing for synaptic
pairs involving L4 nFS, FS and excitatory neurons, shown as mean = standard deviation (error
bars). Excitatory connection is shown in black circles, filled with red colour for nFS (left) and
blue colour for FS interneurons (right), which shows paired-pulse facilitation with nFS
interneurons (left) and paired-pulse depression with FS interneurons (right). Inhibitory
connection (open squares) displayed the paired pulse behaviour of the pre-neuron.
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3.5. Molecular markers of L4 interneurons in rat barrel cortex

Analysis of molecular expression of nFSin L4

Previous studies demonstrated that PV, SOM and 5HT3a are expressed in
interneurons in rodent somatosensory cortex. PV is mostly associated with FS
interneurons; SOM with Martinotti cells, and sHT3aR with NGFC. In this study, a subset
of L4 nFS interneurons in rat barrel cortex were patched to identify their molecular
expression. For this purpose, we combined patch-clamp recording with simultaneous
biocytin filling coupled with Alexa dye to locate the patched neuron for post hoc
immunofluorescent techniques. After successful patch-clamp recording, the brain slices
were processed with one of the molecular markers known to be expressed by interneurons.
An epifluorescence microscope was used to visualise both the patched neuron and
immunoreactivity for the molecular markers. The patched neuron was filled with Alexa
Fluor® 594 and visualised with the emission and excitation filters of 591 nm and 621 nm
respectively. The expression of molecular markers was visualised with 495/519 nm
emission/excitation range. After collecting the fluorescence data, the slices were processed

for biocytin to obtain the morphological data.

Five out of eight neurons were SOM-positive, and 5HT3aR-negative. Fig. 3.5.1
shows the expression of SOM by one of the nFS interneurons and eventual biocytin
processing, which yielded the morphology of patched neuron. The percentage of SOM-
positive neurons in L4 was in accordance with that found in previous studies

. We were not able to identify any L4 interneuron expressing
5HT3aR; a reason for this could be an inefficient antibody staining. Studies showing the
expression of 5HT3aR were performed using transgenic animals that express GFP under
the control of 5HT3aR . There has been no
study on immunofluorescent staining that labels 5HT3aR on wild type rodents. Due to the
difficulties with 5HT3aR labelling, we attempted to use Prox-1, which is a homeodomain
transcription factor that is expressed exclusively in post-mitotic CGE-derived interneuron
precursors and is maintained into adulthood. Even though Prox-1 was expressed in brain
slices, we were unable to find co-labelling of Prox-1 with any of our patched nFS

interneuron (Supplementary figures 8, 9).



Fig. 3.5.1. Analysis of single cell patched neuron with immunofluorescence
technique. (A) Single neurons were recorded using whole-cell patch clamp technique and
were filled with biocytin coupled to Alexa Fluor® 594 (1). nFS interneurons were identified
using their firing pattern (1 inset). After processed with appropriate primary and secondary
antibodies, the brain slices were visualised using epifluorescence microscope. The patched
neuron was visualised in red (2), and the neuron was shown to express SOM (3). The merged
image shows the co-localization of patched neuron in red, and SOM expression in green (4). (B)
Later, biocytin labelling was processed using to identify the morphology of patched nFS

interneuron, which was reconstructed using Neurolucida software. Axon is labeled in blue,
soma and dendrites in red.
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4. Discussion

Classification of interneurons based on morphological characteristics
GABAergic interneurons play an important role in providing balanced cortical

excitation, synchronised activity, and maintaining neuronal oscillatory networks

. Abnormalities of these functions have been associated with several
neurological and psychiatric disorders including autism, epilepsy, schizophrenia, and
Tourette syndrome

. Although GABAergic interneurons constitute only a small
fraction (10-20%) of the total number of neocortical neurons, they are notorious for their
heterogeneity, with respect to morphology, electrophysiology and the expression of
molecular markers such as Ca-binding proteins, peptides and transcription factors

. In order to better understand
the heterogenous population of interneurons, several parameters describing axonal and
dendritic geometry, intrinsic properties and protein expression were used. Given the ample
number of possible parameters to classify interneurons, it is important to consider the

parameters that shows functional relevance and stability.

The electrophysiological properties of interneurons are functionally relevant, but the
reliability of firing patterns can be questioned by the experimental conditions such as
neuronal activity before and during the experiment, changes in temperature and potential
mechanical disturbances due to the movement of the recording pipette and the modulation
of ion channels by neuromodulatory transmitters (e.g. noradrenaline, acetylcholine,
adenosine etc.) via G-proteins, by intracellular Ca and the degree of de- or hyper
polarisation of the membrane potential . The
functional relevance of protein expression is not completely understood. A well known
molecular marker PV is widely used to identify fast-spiking interneurons, but is associated
with two morphologically distinct interneuron types, the basket and axo-axonic

(chandelier) cell that show completely different morphological and synaptic properties

. In particular, basket cells target the soma and

dendrites while axo-axonic interneurons innervate the axon initial segment.



The axonal and dendritic geometry can be considered rather stable parameters.
However, dendritic geometry is only partly predictive of intrinsic electrical excitability
. Several parameters
can be extracted from a complete 3D reconstruction of an interneuron. The most
meaningful and functionally relevant morphological parameters are those that define the
innervation domains, as they allow a prediction of synaptic connectivity. The axonal
projection pattern provides information about the potential connectivity and the density of
contact formation, which cannot be obtained with other methods
. Recent studies on neuronal
classification were performed using morphological parameters such as fractal analysis,
sholl analysis, fan-in analysis and so on
. To compare the morphological clusters derived from these
parameters, we performed an unsupervised hierarchical cluster analysis on 38 nFS
interneurons based on 64 morphological parameters extracted from Neuroexplorer,
describing soma, dendrites and axon (Supplementary table 1). The cluster analysis
displayed a scrambled distribution of morphologies, which did not provide any meaningful
information (Supplementary figure 10). However, cluster analysis based on the axonal
projection patterns displayed three distinct clusters, which showed functionally relevant

distinct projection patterns (Fig. 3.1.5).

In conclusion, it is important to consider the axonal morphology, because it is a
reliable, stable and functionally relevant parameter, thus can be used as a primary
classifier. Interneuron classification based on morphological parameters provides insights
into the synaptic microcircuits formed by nFS interneurons and hence their functional role
in intra- and inter- columnar processing of sensory signals

. Electrophysiological and molecular properties can be used as

additional classifiers, but not vice versa.

Different projection motifs of L4 nFS interneurons and their possible roles

C1 L4 nFS interneurons showed significant projections to neighbouring barrels; C2
interneurons showed axonal and dendritic projection confined exclusively to the home
column, with predominant projections in the home barrel; and C3 interneurons showed a

remarkable axonal projection largely outside the home layer, with a dense axonal plexus in
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the supra granular layers (C3a), or sparse axonal projections to both supra- and infra-

granular layers (C3b).

The most characteristic feature of Ci interneurons is the extensive axonal
collateralisation in the adjacent barrels. The functional role of which is likely to be
inhibition of excitatory neurons in the neighbouring barrels. Barrels in L4 have been
described as functionally independent structures that receive little or no direct inputs from
adjacent barrels
However, our findings suggests that L4 C1 interneurons with lateral axonal projection
provide direct inhibition to the neighbouring barrels, and may form anatomical correlate
to lateral inhibition in L4. In visual cortex, lateral inhibition is known to provide surround
suppression thereby enhancing sensitivity to contrast edges and eliminating redundant
information in the visual environment . SOM-
positive interneurons have been proposed to mediate surround inhibition in L2/3 of visual
cortex . Suppression of surround whiskers in the barrel system may
be involved in contrast enhancement of principal whisker signalling. Previous studies have
reported the existence of laterally projecting interneuron in layer 2/3

, but so far such neurons have not been described for layer 4. The data presented
here suggest that lateral inhibition is already happening at the very first stage of
neocortical signal processing in L4 of rat barrel cortex. Apart from significant projections
to the neighbouring barrels, some C1 interneurons also send ascending branches to L2/3
and terminate in L1. Few C1 neurons showed infra-granular projections descending as far
down as the L5/6 border. Therefore, the main functional role of C1 neurons could be to
provide early surround inhibition to the neighbouring barrels in L4, and feed-forward
inhibition to other layers, thereby enhancing the signal contrast between principal vs. the
surround whisker deflection in L4 microcircuitry

. It should be noted here that some lateral projection neurons send axon

collaterals even beyond two adjacent barrels.

C2 interneurons with intra-columnar axonal projections were the most common
subtype of nFS interneurons in L4. Although C2 neurons showed some heterogeneity in
their axonal projections, more than 90% of the axonal branches were confined within the
home column, and they showed both sparse ascending and descending branches to the
superficial and infragranular layers respectively. The main feature of C2 neurons is the

dense local projections with an average total axonal length of more than 35,000 um. Such
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dense projection suggest a high connectivity rate to other neurons within the home barrel.
This group may correspond to SOM-expressing X94 and non-X94 neurons in L4, which
showed large confinement of axons to home barrel .C2
neurons may provide disinhibition of spiny stellate neurons by preferentially targeting L4
FS interneurons, particularly L4 barrel inhibitor interneurones (BINs) which also shows
dense axonal projections within the home barrel .In
our study, we found that nFS and FS interneurons both displaying dense axonal

innervation within the home barrel were reciprocally connected.

C3 L4 nFS interneurons showed a remarkable axonal projection motif with their
extra-granular projection. Having projections outside L4, C3 neurons may form only little
if any inhibitory connections within the home barrel. The two sub-clusters of C3 neurons
were clearly distinct in their axonal density and projection patterns. C3a neurons
preferentially innervated supra-granular layers, and may provide feed-forward inhibition
to distal dendrites of L5B thick tufted pyramidal neurons, or basal dendrites of L2/3
pyramidal neurons. C3b neurons resembled the morphology of VIP neurons, with sparse
axonal projections, spanning through all layers. Upon stimulation, VIP interneurons, along
with nitric oxide synthase (NOS) interneurons release vasoactive intestinal peptides and
nitric oxide, which in turn causes a local dilation of blood vessels in the brain

. During vasodilation, VIP interneurons increase the efficacy of glutamatergic
synapses on excitatory neurons by modulating them . An increase in

excitation throughout cortical areas was observed upon activation of VIP neurons

Heterogeneity of nES electrophysiological properties

In this study, we characterised 59 nFS interneurons in L4 of rat barrel cortex based
on their intrinsic properties using unsupervised cluster analysis. We used morphological
reconstructions of FS interneurons as control, and those were well separated into a distinct
group. Three electrophysiological subtypes were characterised, which showed differences
in various aspects, such as membrane properties, action potential properties and firing

frequency adaptation.

Excitability of neurons was calculated using an index, where three factors - resting

membrane potential, AP threshold, and input resistance were considered
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. The three clusters displayed variable range of excitability. Cluster A
interneurons showed relatively low, Cluster B interneurons high and Cluster C
interneurons intermediate excitability. Differences in firing rate adaptation clearly
separated the three groups. Cluster A was characterised by an irregular spiking pattern and
high frequency adaptation, similar to the firing pattern shown for non-Martinotti SOM
interneurons in L4 . Cluster B showed an initial burst
of AP followed by irregular and accelerated firing upon depolarisation, resembling the
characteristic VIP neuron firing. The accelerated firing with decrease in ISI could be due to
a slow inactivation of a K* current. It may be involved in the enhancement of synaptic gain
and the synchronisation of neurons . Cluster
C showed little to no frequency adaptation at near threshold current injections, but
displayed spike adaptation at supra-threshold current injections. A characteristic feature of
Cluster C is the broad AP, large AHP, and non-adapting firing pattern. Some neurons
exhibited late-spiking behaviour, much like that reported for NGFCs

Correlation between morphological, electrophysiological and molecular

subtypes

We tried to find a potential correlation between the morphological and
electrophysiological clusters but found that there was no one-to-one correlation. The
largest electrophysiological group - Cluster A exhibiting high frequency adaptation with
irregular firing pattern was found for all the three morphologically distinct structures

identified in our study.

The observed difference between morphology and firing pattern may be due to
various reasons. Electrophysiological characteristics are not tightly correlated with the
axonal projection patterns, but are rather linked to the presence of certain ion channels

. Ion channels such as Ki;, Kca, HCN
shape the firing pattern of neurons to some degree, and their activity is subjected to change
due to the modulatory effects of neurotransmitters such as acetylcholine, noradrenaline,

etc.,

Three C2 interneurons showed a dense, local and radiating axonal plexus,
characteristic of NGFCs and displayed regular non-adapting firing behaviour with a broad

AP and a large AHP . Although
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there is a strong tendency to associate a late-spiking firing pattern to NGFCs, this was not

found for all cells recorded.

Most of the L4 nFS interneurons were found to be SOM-positive. Given the
heterogeneity of interneuron markers and the percentage of PV negative neurons in L4
(<4% of L4 neurons), it was not possible to test for all the nFS interneuron markers

. Recent studies using large scale RNA sequencing shows that there
are at least 14 cortical interneuron types based on the molecular markers
even more subclasses may exist as the authors of this study state: in the 14 subclasses, one
could clearly see that well-known markers such as SOM, the 5HT3a receptor, and reelin
were expressed in many interneuron subclasses. Although PV is shown to be non-
overlapping, the method used in the study failed to distinguish between two clear
morphological subgroups such as the axo-axonic chandelier and the basket -cells.
Therefore, we believe that classification based on molecular markers alone is to a large
extent ambiguous. This is also relevant for transgenic mouse lines that exhibit cell-specific

labelling of neuron types based on such marker peptides or proteins.

nFS interneurons in inhibitory microcircuitry
Results from paired recordings from synaptically coupled nFS interneurons and
other L4 neurons showed that nFS interneurons establish weak synaptic connections with
small PSP amplitudes. This is probably due to low release probability of synaptic vesicles at
these synaptic contacts. Synaptic connections with nFS interneurons showed high failure
rate and large CV, and exhibited paired-pulse facilitation. The latency was significantly
longer compared to the FS interneurons, which could be due to the distal location of the
synaptic contacts. It should be noted that nFS interneurons displayed a much broader
axonal field span, extending to both supra- and infra granular layers, unlike the barrel-
confined FS interneurons. The synaptic properties of nFS interneurons are markedly
different from those of FS interneurons, which form strong synaptic connections with a
high release probability that exhibit invariably paired-pulse depression
. NGFCs are the only nFS interneurons that showed paired-
pulse depression. The slow decay time of IPSPs formed by NGFCs has been proposed to
result from GABAg receptor activation through volume transmission (i.e. not direct

synaptic transmission) of GABA
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From the results of paired recording experiments from synaptic connections
between nFS and FS interneurons with excitatory neurons, it is evident that FS
interneurons act as a low-pass filter by triggering a strong post-synaptic response during
the initial spikes following a stimulus, whereas nFS interneurons requires high frequencies
to trigger a post-synaptic response. Therefore nFS interneurons constitute a synaptic high-
pass filter. Excitation of L4 spiny neurons upon thalamic stimulation is limited by the early
thalamocortical recruitment of FS interneurons which displays paired pulse depression.
On the other hand, nFS interneurons that display paired pulse facilitation of

thalamocortical EPSPs need prolonged synaptic input before inhibition is activated

. Therefore, FS and nFS interneurons generate two windows
of inhibition - FS shows fast recruitment and fast decay, whereas nFS shows late
recruitment and slow decay. nFS interneurons could enhance the activity of excitatory
neurons by disinhibiting FS interneurons in L4. SOM-positive interneurons in L4, which
are similar to our C2 interneurons that show dense axonal projections within the barrel are
shown to preferentially target FS interneurons, thereby providing disinhibition on

excitatory neurons in L4

Short-term plasticity results from a combination of mechanisms, many of which are
presynaptic in origin, including vesicle depletion and accumulation of calcium in the
presynaptic terminal. On the postsynaptic site the desensitisation of neurotransmitter
receptors may also play a role

. It has been shown that there is a
pronounced dependence of short-term plasticity on the presynaptic interneuron type for
unitary inhibitory-to-inhibitory synapses . We found similar results
showing that inhibitory connections with presynaptic FS interneurons showed short-term
depression, whereas those with nFS interneurons displayed short-term facilitation. From
previous studies on unitary excitatory synapses onto interneurons, it has been
hypothesised that short-term plasticity of those excitatory synapses depend on
postsynaptic neuron type

. However, we found that synaptic connections involving both excitatory neurons and
interneurons appears to be dependent on the type of interneuron, irrespective whether it is
the pre- or post synaptic neuron. For example, excitatory neuron-nFS interneuron and nFS

interneuron-excitatory neuron connections display both short-term facilitation.
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Conversely, connections involving excitatory and FS interneurons show short-term
depression in both excitatory and inhibitory connections. The exact mechanism behind
this short-term plasticity remains unclear. We hypothesise that the interaction between
pre- and post-synaptic structures may induce structural and/or functional changes that

result in either short-term depression or short-term facilitation at these connections.

Advantages and limitations of current methods
Classification of interneurons is crucial to understand the functional and structural
properties of neuronal microcircuits
. By using wild-type rats, we excluded the
possibility of bias resulting from a pre-selection of interneurons, which is the case when
using transgenic animal models that are based on the expression of a single marker
molecule (e.g. SOM or PV) to identify a population of neurons. Even though it is extremely
laborious and time-consuming to patch neurons that are rare, which is the main
limitations of our method, we were able to find several neuronal subtypes such as the
lateral-projecting nFS interneurons that have not been described previously. Similarly, VIP
interneurons are considered rare in L4, but we found that 3 of 38 nFS interneurons are
VIP-like interneurons . The only explanation in finding such
neurons that have so far not been identified is the unbiased neuronal patching approach.
By using transgenic animals expressing neuronal markers such as VIP, SOM, several
potential nFS interneuron populations that might be expressing a combination of several

markers at lower levels may be left unidentified

Future perspectives

In this study, we were able to provide a comprehensive quantitative description of
the electrophysiological, morphological and molecular properties of nFS interneurons in
L4 of rat barrel cortex in an in vitro slice preparation. A major disadvantage of the slice
preparation is the reduced neuromodulatory effects of neurotransmitters such as acetyl
choline, noradrenaline, dopamine, etc. As a future perspective, it would be interesting to
find the neuromodulatory effects on nFS interneurons using drug application of
neurotransmitters and to use their differential effects for a further functional

characterisation.
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As a next step to shed light on the functional aspects of nFS interneurons in vivo,
recordings in awake behaving rodents could be performed to elucidate the activity and
functional role of nFS interneurons. Due to the extremely low number of nFS interneurons
in L4 of rat barrel cortex (<4% of L4 neurons), it would be advantageous to combine
optogenetic and molecular tagging of nFS interneurons

. Recent advancement in RNA sequencing makes it

easier to identify the molecular expression of different neuron types

To expand our knowledge on nFS synaptic connectivity, it is crucial to find the
target of nFS interneurons in different layers, especially L2/3. From this study, we were
able to identify a cluster of nFS interneurons that project extensively to L2/3, having little
or no projections to the home barrel. A functionally relevant question would be to identify
the postsynaptic targets of such neurons - if the nFS interneurons provide feed-forward
inhibition onto L2/3 pyramidal neurons or the distal dendrites of layer 5B, or do they have
the tendency to preferably inhibit interneurons, thereby providing disinhibition on L2/3

pyramidal neurons.
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5. Summary

Inhibitory GABAergic interneurons are notorious for their heterogeneity, despite
constituting a low fraction of the neuronal population in neocortex (<15%). Classification
of interneurons is crucial for understanding their widespread cortical functions providing a
complex, and dynamic network balancing excitation and inhibition. In this study, I
investigated the different subtypes of nFS interneurons and their functional properties in
the L4 neuronal micro-circuitry of the rat somatosensory cortex using whole-cell patch
clamp recordings, biocytin labelling, morphological 3D reconstructions and
immunofluorescence techniques. A quantitative classification was performed using PCA
and unsupervised cluster analysis based on morphological parameters such as laminar and
columnar axonal and dendritic projections and electrophysiological parameters such as
membrane properties and firing properties. Our major findings include the identification
of significantly distinct morphological subtypes of nFS interneurons in L4, such as lateral
projection neurons, intra-columnar projection neurons and extra-granular projection
neurons. The most characteristic feature of lateral projection interneurons is the extensive
axonal collateralisation in the adjacent barrels. Our finding suggests that L4 nFS
interneurons with a lateral axonal projection provide direct inhibition to the neighbouring
barrels, and may form an anatomical correlate to lateral inhibition in L4. Therefore, we
believe that lateral inhibition is already happening at the first stage of cortical signal
processing in L4 of rat barrel cortex. Intra-columnar projection neurons show a dense
axonal projections within the home barrel, with few branches extending to supra- and
infra-granular layers. These neurons may provide disinhibition of spiny neurons by
preferentially targeting L4 FS interneurons, particularly PV-positive L4 interneurons
which also shows dense axonal projections that is almost exclusively confined to the home
barrel. Extra-granular projection neurons shows remarkable axonal projections outside the
home barrel. The two sub-clusters of extra-granular projection neurons showed differences
in axonal density and field span - one showed extensive axonal projection to L2/3 and
other showed morphology similar to VIP interneuron with sparse axonal projection
spanning through all layers. We also found three electrophysiological subtypes of nFS
interneurons, each showing differences in passive and active intrinsic properties. When
comparing the morphological and electrophysiological clusters, we did not find a one-to-
one correlation between them. Molecular identification of nFS interneurons revealed that

most, but not all of them were positive to SOM expression.



In addition to this, we also characterised the synaptic circuits involving nFS
interneurons in L4 using paired recording technique. We were able to show that nFS
interneurons establish weak synaptic connections with a low neurotransmitter release
probability and small amplitude, and the connections showed paired-pulse facilitation.
This is markedly different from FS interneurons, which form strong synaptic connections
that exhibit invariably paired-pulse depression and thus have a high release probability.
NGFCs are the only nFS interneuron group that showed strong paired pulse depression.
From our study it appears that interneurons govern the short-term plasticity of synaptic
connections involving excitatory and interneurons, irrespective of them being pre- or
postsynaptic neuron. The paired pulse behaviour of synaptic connections between
inhibitory neurons are governed only by the presynaptic interneuron type. Our findings
reveal that nFS interneurons are integral elements of the L4 microcircuitry that exhibit
very distinct connectivity patterns, functional roles and computational properties in the

neocortical neuronal network.
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Supplementary data

S.Fig.1. Examples of biocytin processed slices. In order to have high quality
reconstructions, we used only those slices with low background staining and clear labelling.

Because of such stringent criteria, these two slices were not used for reconstruction. Scale
bar - 50 um.

S.Fig.2. Example of high quality biocytin staining. 3D morphological reconstructions
were performed on slices with high quality biocytin staining. Barrel borders were demarcated
by overlapping the DIC image taken during patch-clamp recording. Note the axonal (thin
lines) and dendpritic (thick lines) projections to the neighbouring barrels. Scale bar - 100 um.



Cluster 1
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S.Fig.3. Morphological cluster 1 nFS interneurons. Using hierarchical unsupervised
cluster analysis based on morphological parameters, nFS interneurons in L4 of rat barrel
cortex were classified into 3 distinct subtypes. Cluster 1 neurons with two sub-clusters - 1a (top)
and 1b (bottom) are displayed here,. There were no significant difference between the two sub-
clusters.
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Cluster 2a

BC150106A-26 BC150410A-31 BC130503A-15 BC120301A-04  BC110530 F-01 BC140213F-22
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Cluster 2b

BC160201B-35 BC150319A-28 BC160115E-34 BC150330C-29 BC130916B-20 BC130819B-19

S.Fig.4. Morphological cluster 2 nFS interneurons. Cluster 2 constitute the largest
population with 24 interneurons, and was sub-divided into two clusters - 2a and 2b.
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Cluster 3

BC160311D-36 BC130403A-11 BC140226A-25

BCi130430D-14 BC150721 A-33 BC150925 A-34

S.Fig.5. Morphological cluster 3 nFS interneurons. Cluster 3 constitute the smallest
population with 6 interneurons, and is sub-divided into two clusters - 3a and 3b. Cluster 3a
showed dense supra-granular projections, whereas C3b showed sparse projections to the
supra- and infra-granular layers.
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S.Fig.6. Electrophysiological classification of nFS interneurons. Using hierarchical
unsupervised cluster analysis based on electrophysiological parameters, nFS interneurons in L4

of rat barrel cortex were classified into 3 distinct subtypes. Cluster A neurons showed adapting
irregular firing pattern.
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S.Fig.7. Electrophysiological classification of nFS interneurons. Cluster B neurons
displayed accelerating firing with irregular spiking pattern. Cluster C exhibited non-adapting

regular spiking behaviour.
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S.Fig.8. Distribution of SOM across different layers in rat barrel cortex.
Fluorescence images of SOM conjugated to Alexa Fluor® 594 acquired at different
magnifications. (Left) An overview of SOM distributed through different layers at 4o0-fold
magnification. Scale bar: 200 um. (Right, top) 100-fold magnification of the superficial layers
showing differential distribution. Scale bar: 100 um. (Right, bottom) A close view of L4 SOM

positive neuron with dendritic processes Scale bar: 25 um.
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S.Fig.9. Distribution of Prox-i1 across different layers in rat barrel cortex.
Fluorescence images of Prox-1 conjugated to Alexa Fluor® 647 acquired at different
magnifications. (Left) An overview of Prox-1 distributed through different layers at 4o0-fold
magnification. Scale bar: 150 um. (Right, top) 100-fold magnification of the superficial layers
showing differential distribution. Scale bar: 100 um. (Right, bottom) 400-fold magnification
of L4 Prox-1 positive neurons. Scale bar: 20 um.
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S. table 1. Morphological parameters extracted using the Neurolucida explorer

program by MicroBrightField.

Parameters describing the soma

Soma perimeter (um)
Soma area (um2)
Soma aspect ratio
Soma compactness
Soma form factor

Soma roundness

Parameters describing the axon

Axon length (um)

Axon nodes

Surface area (um?2)

Axon node density

Total segments

Segment length average (um)

Segment length standard deviation (um)
Tortuosity average

Tortuosity standard deviation

Tortuosity nodes average

Tortuosity nodes standard deviation

Torsion ratio

Perimeter of the soma

Area of the soma

Degree of flatness of the soma
Va/r* Area / Max diameter

4/ * Area/ (perimeter)?

(Compactness)?

Total length for all branched structures of an axon
Total number of axonal nodes

Computed by modelling each piece of axonal branch
as a frustum

Total axonal length / total axonal nodes

Total number of the axonal line segments

Average of total axonal segment length

Standard deviation of total axonal segment length
Average of tortuosities measured for each axonal
segment. Tortuosity = [Actual length of the segment] /
[Distance between the endpoints of the segment]
Standard deviation of the tortuosities measured for
each axonal segment

Average of tortuosities measured for each axonal
nodes. Tortuosity nodes = [Distance along process] /
[Straight line distance]

Standard deviation of the tortuosities measured for
each axonal nodes

(Length of axonal process) / (Length of axonal

process after applying the fan in projection)
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K-dim

Planar angle average

Planar angle standard deviation

Local angle average

Local angle standard deviation

Spline angle average

Spline angle standard deviation

Sholl sections
Sholl length at 100 ym

Sholl length at 200 ym

Sholl length at 300 ym

Sholl length density (um)

Sholl node density

Area (um2)

Perimeter (um)

Volume (um3)

Surface area (um3)

Parameters describing the dendrites

Dendrite number

Describes how axonal structure fills space.
Morphological dissimilarities can be identified with
significant K-dim differences

Average of polar angles of all axonal nodes. The polar
angle is the change in direction from one branch to the
next branch

Standard deviation of polar angles of all axonal nodes
Average of local angles of all axonal nodes. The local
angle is the change in direction using the line
segments closest to the node

Standard deviation of local angles of all axonal nodes
Average of spline angles of all axonal nodes. The local
angle is the change in direction in the tangents that
are taken at the ends of the cubic splines

Standard deviation of spline angles of all axonal
nodes

Number of sholl sections containing axonal processes
Total length of axonal segments at 100 ym / total
axonal length

Total length of axonal segments at 200 ym / total
axonal length

Total length of axonal segments at 300 ym / total
axonal length

Total axonal length / number of axonal sholl sections
Total axonal nodes / number of axonal sholl sections
Area of the 2-D convex polygon created by connecting
the tips of the distal axonal segments

Perimeter of the 2-D convex polygon created by
connecting the tips of the distal axonal segments
Volume of the 3-D convex polygon created by
connecting the tips of the distal axonal segments
Surface area of the 3-D convex polygon created by

connecting the tips of the distal axonal segments

Total number of dendrites
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Dendrite length

Dendrite mean length

Dendrite nodes

Dendrite node density

Surface area (um?2)

Total segments

Segment length average (um)
Segment length standard deviation (um)
Tortuosity average

Tortuosity standard deviation
Torsion ratio

K-dim

Polar angle average

Polar angle standard deviation
Local angle average

Local angle standard deviation
Spline angle average

Spline angle standard deviation
Sholl sections

Length at 50 ym

Length at 100 ym

Length at 150 ym

Sholl length density (um)
Sholl node density

Area (um?2)

Perimeter (um)

Volume (um3)

Surface area (um3)

Total length for all branched structures of dendrites
Total dendritic length / number of dendrites

Total number of dendritic nodes

Total dendritic length / total dendritic nodes

See total surface area of axon

See total axonal segments

See axonal segment length average

See axonal segment length standard deviation
See axonal tortuosity average

See axonal tortuosity standard deviation

See axonal torsion ratio

See axonal K-dim

See axonal polar angle average

See axonal Polar angle standard deviation

See axonal local angle average

See axonal local angle standard deviation

See axonal spline angle average

See axonal spline angle standard deviation

See axonal sholl sections

Total length of dendritic segments at 50 ym / total
dendritic length

Total length of dendritic segments at 100 ym / total
dendritic length

Total length of dendritic segments at 150 ym / total
dendritic length

See axonal sholl length density

See axonal sholl node density

See axonal area

See axonal perimeter

See axonal volume

See axonal surface area
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Cluster 1 Cluster 3
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S.Fig.10. Morphological clusters of nFS interneurons based on the parameters
described in S.table.1. Using hierarchical unsupervised cluster analysis based on 64
morphological parameters, L4 nFS interneurons were classified into 3 groups. This
classification is entirely different from the classification made using axonal and dendritic
projection pattern as parameters (refer main text). Cluster 1 and 3 showed a combination
of different axonal projection patterns, therefore resulting in a classification which is not
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