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1. LIST OF ABREVIATIONS

ACSF = Artificial cerebrospinal fluid
CBI1R = cannabinoid receptor type I

CGP 55845 = ((25)-3-[[(1S)-1-(3,4-dichlorophenyl) ethyl] amino-2- hydroxypropyl]

(phenylmethyl) phosphonic acid hydrochloride)
CGP 52432 = (3- [[(3,4-Dichlorophenyl)methyl]amino]propyl] diethoxymethyl) acid)

CNQX = AMPA/kainateRs competitive blocker = 6-Cyano-7-nitroquinoxaline-2,3-

dione

CRACM = ChR2-assisted circuit mapping
DAB = 3,3-diaminobenzidine

E/I balance = excitatory/inhibitory balance
EPSCs = excitatory postsynaptic currents
EPSPs = excitatory postsynaptic potentials
Erev = equilibrium reversal potential

fMRI = functional magnetic resonance imaging

GABARs blocker = (-)-Bicuculline methiodide ([R-(R*,5*)]-5-(6,8-Dihydro-8-
oxofuro[3,4-e]-1,3- benzodioxol-6-yl)-5,6,7,8-tetrahydro-6,6-dimethyl-1,3-dioxolo[4,5-

glisoquinolinium iodide)



GABA = y-aminobutyric acid

GABAgR = GABAg receptor

GRSC = granular retrosplenial cortex

5-HT = 5-hydroxytryptamine; serotonin

IPSCs = inhibitory postsynaptic currents

IPSPs = inhibitory postsynaptic potential

Kir = inward-rectifier potassium

L(1, 2/3, 4, 5, 6) = layer(1, 2, 2/3,4, 5, 6)

LS = late spiking

mACSF = modified ACSF

PBS = phosphate-buffered saline

PV-FS = parvalbumin-positive fast-spiking

RS = regular spiking
RSC = retrosplenial cortex

Rs = Series resistance
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2. LIST OF FIGURES AND TABLES

All figures and the table of this thesis are numerated inside each section in order

not to provoke confusion with figures of the publicated manuscript.

2.1. Introduction

Figure 4.1. Cortical pyramidal cell types.

Figure 4.2. Location and principal connections of the rat RSC.

Figure 4.3. RSC connectivity.

Figure 4.4. Schematic diagram of corticoretrosplenial circuitry involved in
processing contextual information.

Figure 4.5. Schematic drawing of the modular organization of the L1 granular
retrosplenial cortex.

Figure 4.6. Localization of GABAgRs to synaptic sites.

Figure 4.7. Structure of the GABA; receptor and its intracellular signal effectors.

2.2. Results

Figure 7.1. Different firing patterns of layer 2/3 pyramidal neurons recorded in the

GRSC.



Figure 7.2. Examples of late-spiking (LS) and non-LS pyramidal neurons.

Figure 7.3. Electrophysiological parameters are measured in LS and non-LS
neurons.

Figure 7.4. LS and non-LS pyramidal neurons respond differently to incoming
epileptiform discharges.

Figure 7.5. Synaptic currents evoked by electrical stimulation in LS and non-LS
pyramidal neurons.

Figure 7.6. Synaptic currents elicited by glutamate application in LS and non-LS
pyramidal neurons.

Figure 7.7. Synaptic responses to ipsilateral stimulation of simultaneously recorded
pairs of layer 2/3 pyramidal neurons.

Figure 7.8. Synaptic responses to contralateral stimulation of simultaneously
recorded pairs of layer 2/3 pyramidal neurons.

Figure 7.9. E/I balance and latency of responses evoked by contralateral stimuli.

2.3. Annex of results

Figure 8.1. Firing pattern and morphology of pyramidal neurons recorded in L5

of the GRSC.



Figure 8.2. Excitatory synaptic currents evoked by ipsilateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons
and L5 pyramidal neurons of the GRSC.

Figure 8.3. Excitatory synaptic currents evoked by contralateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons
and L5 pyramidal neurons of the GRSC.

Figure 8.4. Inhibitory synaptic currents evoked by ipsilateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons
and L5 pyramidal neurons of the GRSC.

Figure 8.5. Inhibitory synaptic currents evoked by contralateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons

and L5 pyramidal neurons of the GRSC.

Figure 8.6. E/I balance of the responses evoked by ipsilateral stimuli.

Figure 8.7. Excitatory/inhibitory balance of the responses evoked by
contralateral stimuli.

Figure 8.8. Voltage-dependence of the synaptic responses recorded in LS
pyramidal neurons during the propagation of epileptiform discharges.

Figure 8.9. Effect of GABAg receptor blockers in LS pyramidal neurons.

Figure 8.10. Effect of GABA:R blockers in non-LS pyramidal neurons.

Figure 8.11. Comparison of the effect of GABAsR blockers on LS and non-LS

pyramidal neurons.



Figure 8.12. Membrane currents recorded in LS pyramidal neurons evoked by

the direct application of GABA.

Table 8.1. Reversal potentials of the currents evoked by the application of GABA

in LS and non-LS pyramidal neurons.

2.4. Discussion

Figure 9.3.1. Local neuronal circuit scheme of L2/3 GRSC.
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3. ABSTRACT/RESUMEN/RESUM

3.1. Abstract

The granular retrosplenial cortex (GRSC) of rodents is a cortical area implicated
in functions such as memory and spatial learning. Most pyramidal neurons of the
superficial layers of the GRSC show a late-spiking (LS) firing pattern due to the presence
of A-type potassium currents. We have studied the local circuits involving this type of
pyramidal neurons using intracellular recordings in LS and non-LS pyramidal neurons of
L2/3 and in some cases in L5 of the GRSC in coronal brain slices from mice of 14-22
postnatal days. LS and non-LS neurons were identified by the firing pattern, the higher

input membrane resistance, shorter action potential and shorter time to fire the first spike.

First, during the propagation of epileptiform discharges, almost all non-LS
neurons fired large bursts of action potentials; in contrast, LS neurons showed bursts of
excitatory postsynaptic potentials (EPSPs) whose amplitude never reached the threshold

for spike firing.

Second, the stimulation of horizontal axonal collaterals with local application of
glutamate evoked excitatory postsynaptic currents (EPSCs) in LS neurons only when the
stimulus was close (100-200pm) to the recorded neuron; in contrast, non-LS neurons

showed large EPSCs in response to the stimulation at longer distances (~1200um).



Third, in response to electrical stimuli applied to the contralateral homotopic
cortex and at 1200 pm ipsilaterally, we recorded pairs of pyramidal neurons recorded
simultaneously formed by a LS and a non-LS neurons. In these L2/3 pairs, EPSCs evoked
were significantly smaller and less frequently in LS than in non-LS neurons; also, the
latency of the EPSC recorded in the LS neurons was longer than in non-LS neurons. Our
data suggest that these neurons, in contrast to neighbour non-LS pyramidal neurons, are
innervated by local axonal collaterals and show smaller synaptic currents in response to
the stimulation of long-range axons. These results show differences in the local
microcircuits involving LS and non-LS neurons in the GRSC and suggest that LS neurons

are innervated mainly by short-range collateral axons.

Four, we also have studied and compared the feed-forward inhibitory responses
and the excitatory/inhibitory balance (E/I balance) in LS and non-LS pyramidal neurons
of L2/3 of the GRSC in order to discard that these differences are due to their E/I balance.
In response to ipsilateral stimuli the peak amplitude of the EPSCs and the IPSCs were
similar in both LS and non-LS neurons; this caused an E/I balance close to 1 that was not
different in both neuron types. In contrast, in response to the stimulation of callosal
contralateral axons, the EPSCs were smaller than the IPSCs in both types of neurons.
These results suggest that both LS and non-LS neurons are more effectively activated by

ipsilateral axons than by contralateral axons.

Five, we have researched if the small disynaptic responses recorded in LS neurons

were due to inputs from upper L5b pyramidal neurons. The results from simultaneous



recordings from pyramidal neurons of L2/3 and pyramidal neurons from upper L5b did
not answer this point. The recording of synaptic responses in upper layer 5b showed large
excitatory and inhibitory synaptic currents in response to ipsi- and contralateral axons,
similar to the responses recorded in layer 2/3 non-LS neurons. However, in layer 5
neurons the E/I balance in response to ipsilateral inputs was smaller than in layer 2/3 non-
LS neurons.

Finally, the application of blockers of GABA; receptors (GABAgRs) (CGP55845
or CGP52432) increased the size of the EPSPs in LS neurons, leading to firing in most of
them. These results show the presence of differences in the local microcircuits involving
LS and non-LS pyramidal neurons in the GRSC and suggest the presence of an inhibitory

component dependent on the activation of GABAgRs in LS neurons.



3.2. Resumen

La corteza granular retrosplenial (GRSC) de los roedores es una drea cortical
implicada en funciones como la memoria y el aprendizaje espacial. La mayoria de las
neuronas piramidales de las capas superficiales de la GRSC muestran un patrén de
disparo tardio (LS) debido a la presencia de corrientes de potasio de tipo A. Hemos
estudiado los circuitos locales que involucran a este tipo de neuronas piramidales
mediante registros intracelulares en neuronas piramidales LS y no-LS de L2/3 y en
algunos casos en L5 de la GRSC en cortes cerebrales coronales de ratones de 14-22 dias
posnatales. Las neuronas LS y no-LS se identificaron por el patron de disparo, la mayor
resistencia de entrada de membrana, el potencial de acciéon mas corto y el tiempo mas

corto para disparar el primer potencial de accion.

En primer lugar, durante la propagacion de descargas epileptiformes, casi todas
las neuronas no-LS dispararon grandes rafagas de potenciales de accion; por el contrario,
las neuronas LS mostraron rafagas de potenciales postsinapticos excitadores (EPSP) cuya

amplitud nunca alcanzé el umbral de disparo de picos.

En segundo lugar, la estimulacidon de los axones colaterales horizontales con la
aplicacidn local de glutamato provoco corrientes postsinapticas excitatorias (EPSC) en las
neuronas LS solo cuando el estimulo estaba cerca (100-200 pm) de la neurona registrada;
por el contrario, las neuronas no-LS mostraron grandes EPSC en respuesta a la

estimulacion a distancias mas largas (~ 1200 pm).
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En tercer lugar, en respuesta a los estimulos eléctricos aplicados a la corteza
homotépica contralateral y a 1200 pm ipsilateralmente, registramos simultdineamente
pares de neuronas piramidales formados por una neurona LS y una no-LS. En estos pares
L2/3,los EPSCs evocados fueron significativamente mas pequefios y menos frecuentes en
las neuronas LS que en las no-LS; ademas, la latencia del EPSC registrado en las neuronas
LS fue mas larga que en las no-LS. Nuestros datos sugieren que estas neuronas, a
diferencia de las neuronas piramidales vecinas no-LS, estan inervadas por axones
colaterales locales y muestran corrientes sinapticas mas pequefias en respuesta a la
estimulacion de los axones de largo alcance. Los resultados presentados hasta aqui
muestran diferencias en los microcircuitos locales que implican a las neuronas LS y no-
LS en la GRSC y sugieren que las neuronas LS estan inervadas principalmente por axones

colaterales de corto alcance.

En cuarto lugar, también hemos estudiado y comparado las respuestas inhibitorias
feed-forward y el balance excitatorio/inhibitorio (balance E/I) en las neuronas
piramidales LS y no-LS de L2/3 de la GRSC para descartar que estas diferencias se deban
a su balance E/I. En respuesta a los estimulos ipsilaterales, la amplitud maxima de los
EPSCs y de los IPSCs fue similar en las neuronas LS y no-LS; esto provocé un balance E/I
cercano a 1 que no fue diferente en ambos tipos de neuronas. Por el contrario, en
respuesta a la estimulacion de los axones contralaterales callosos, los EPSCs fueron

menores que los IPSCs en ambos tipos de neuronas. Estos resultados sugieren que tanto
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las neuronas LS como las no-LS son mas activadas por los axones ipsilaterales que por los

axones contralaterales.

En quinto lugar, hemos investigado si las pequefas respuestas disinapticas
registradas en las neuronas LS se debian a las aferencias de neuronas piramidales de la
capa superficial L5b. Los resultados de los registros simultaneos de las neuronas
piramidales de L2/3 y neuronas piramidales de la parte superficial de L5b no contestaron
este punto. Las respuestas sinapticas registradas en la parte superficial de la L5b
mostraron corrientes sinapticas excitatorias e inhibidoras grandes en respuesta a axones
ipsi- y contralaterales, similares a las respuestas registradas en las neuronas no-LS de L2/3.
No obstante, en las neuronas de L5 el balance E/I en respuesta a aferencias ipsilaterales
fue menor que en las neuronas no-LS de L2/3.

Por ultimo, la aplicacién de bloqueantes de los receptores GABAs (GABAgRS)
(CGP55845 o CGP52432) aumento el tamafno de los EPSPs en las neuronas de L5b,
provocando el disparo en la mayoria de ellas. Estos resultados muestran la presencia de
diferencias en los microcircuitos locales que implican a las neuronas piramidales LS y no-
LS en la GRSC y sugieren la presencia de un componente inhibitorio dependiente de la

activacion de los GABAgRs en las neuronas LS.
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3.3. Resum

L'escorga retroesplenial granular (GRSC) dels rosegadors és una area cortical
implicada en funcions com la memoria i l'aprenentatge espacial. La majoria de les
neurones piramidals de les capes superficials de la GRSC mostren un patré de tret tarda
(LS) a causa de la preséncia de corrents de potassi de tipus A. Hem estudiat els circuits
locals que involucren a aquesta mena de neurones piramidals mitjangant registres
intracel-lulars en neurones piramidals LS i no-LS de L2/3 i en alguns casos en L5 de la
GRSC en talls cerebrals coronals de ratolins de 14-22 dies postnatals. Les neurones LS i
no-LS es van identificar pel patrd de tret, la major resisténcia d'entrada de membrana, el

potencial d'accié més curt i el temps més curt per a disparar el primer potencial d'accio.

En primer lloc, durant la propagacié de descarregues epileptiformes, quasi totes
les neurones no-LS van disparar grans rafegues de potencials d'accid; per contra, les
neurones LS van mostrar rafegues de potencials postsinaptics excitadors (EPSP)

I'amplitud dels quals mai va aconseguir el llindar de tret de pics.

En segon lloc, I'estimulacid dels axons col-laterals horitzontals amb l'aplicacié local
de glutamat va provocar corrents postsinaptiques excitadores (EPSC) en les neurones LS
només quan l'estimul era a prop (100-200 um) de la neurona registrada; per contra, les
neurones no-LS van mostrar grans EPSC en resposta a l'estimulaci6 a distancies més

llargues (~ 1200 um).
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En tercer lloc, en resposta als estimuls electrics aplicats a 1'escor¢a homotopica
contralateral i a 1200 um ipsilateralment, registrarem parells de neurones piramidals
simultaniament formats per una neurona LS i una no-LS. En aquests parells L2/3, les
EPSCs evocades van ser significativament més xicotetes i menys freqiients en les neurones
LS que en les no-LS; a més a més, la latencia de la EPSC registrada en les neurones LS va
ser més llarga que en les no-LS. Les nostres dades suggereixen que aquestes neurones, a
diferéncia de les neurones piramidals veines no-LS, estan innervades per axons col-laterals
locals i mostren corrents sinaptiques més xicotetes en resposta a l'estimulacié dels axons
de llarg abast. Aquests resultats mostren diferéncies en els microcircuits locals que
impliquen les neurones LS i no-LS en la GRSC i suggereixen que les neurones LS estan

innervades principalment per axons col-laterals de curt abast.

En quart lloc, també hem estudiat i comparat les respostes inhibitories feed-
forward i el balang excitatori/inhibitori (balang E/I) en les neurones piramidals LS i no-
LS de L2/3 de la GRSC per a descartar que aquestes diferéncies es deguen al seu balang
E/I. En resposta als estimuls ipsilaterals, 'amplitud maxima de les EPSCs i de les IPSCs va
ser similar en les neurones LS i no-LS; aixo va provocar un balang E/I proxim a 1 que no
va ser diferent en tots dos tipus de neurones. Per contra, en resposta a l'estimulacié dels
axons contralaterales callosos, les EPSCs van ser menors que les IPSCs en tots dos tipus
de neurones. Aquests resultats suggereixen que tant les neurones LS com les no-LS s6n

més activades pels axons ipsilaterals que pels axons contralaterals.
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En cinqué lloc, hem investigat si les xicotetes respostes disinaptiques registrades
en les neurones LS es devien a les afereéncies de neurones piramidals de la capa superficial
de L5b. Els resultats dels registres simultanis de les neurones piramidals de L2/3 i
neurones piramidals de la part superficial de L5b no van contestar aquest punt. Les
respostes sinaptiques registrades en la part superficial de la L5b van mostrar corrents
sinaptiques excitatories i inhibidores grans en resposta a axon ipsi- i contralaterals,
similars a les respostes registrades en les neurones no-LS de L2/3. No obstant aixo, en les
neurones de L5 el balang E/I en resposta a aferencies ipsilaterals va ser menor que en les

neurones no-LS de 1.2/3.

Finalment, l'aplicaci6 de bloquejants dels receptors GABAz (GABA3Rs)
(CGP55845 0 CGP52432) va augmentar la grandaria de les EPSPs en les neurones de L5b,
provocant el tret en la majoria d'elles. Aquests resultats mostren la presencia de
diferéncies en els microcircuits locals que impliquen les neurones piramidals LS i no-LS
en la GRSC i suggereixen la presencia d'un component inhibitori dependent de I'activaci6

dels GABAgRSs en les neurones LS.
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4. INTRODUCTION

Detailed General introductions of all topics included in the Thesis (including the

paper and results not published: Sections 1 and 2 from the annex of results).

4.1. Neocortical circuits

Cortical structures in the forebrain are formed by networks of excitatory and
inhibitory neurons which are born in distant locations. Knowing the integration of these
two major classes of neurons into unique functional cell assemblies could shed light on

the organization of cortical circuits (Bartolini et al., 2013).

Fluctuations in environment, learning and behaviour sculpt brain circuits through
life. It is known that neuronal plasticity occurs on a variety of levels during learning from
subcellular changes at individual synapsis to large-scale alterations of cortical regions in
response to injury. In some brain regions, neural plasticity occurs at cellular level too with
the addition and integration of neurons into preexisting circuits continuously, requiring
the development of new repertoires of synapses in the adult brain completely (Pino &

Marin, 2014).

It is thought that the complex microcircuitry of the cerebral cortex is a critical

substrate from which arise the impressive capabilities of the mammalian brain (Jiang et
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al., 2015). The electrical behavioural and synaptic interactions of the constituent neurons
originate the activity patterns of microcircuit. In a microcircuit, each neuron translates
massive convergent input from multiple presynaptic axons into a single output. The
synaptic integration is not merely a summation of inputs since active properties of the
receiving dendrites modified them. Neurons express a wide variety of channel subtypes
composed of particular combinations of pore-forming and auxiliary subunits. As well as
ion selectivity, the voltage sensitivity and gating kinetics (transitions between open and
closed states) define the functional characteristics of the channels. In many neurons,
persistent inward currents activated at membrane potentials more hyperpolarized than
the spike thresholds aid repetitive firing. Apart from persistent inward currents, repetitive
firing and, in fact, the waveform of the action potential depends on the K* channels
expressed in specific cell types. K* channels present a principal role in determining the
interspike interval and in that way in setting the firing frequency of neurons.
Furthermore, they regulate the shape of action potentials too and thus determine Ca**

influx at presynaptic terminals (Toledo-Rodriguez et al., 2005).

The isocortex develops from the dorsalmost area of the pallium, in the roof of the
telencephalic vesicle (Puelles et al., 2013). In mammals, this region undergoes a great
surface expansion, becoming the largest nervous center of the brain. The isocortex is
characterized by three structural constancies common to all mammals: (1) in the
horizontal dimension, neurons are arranged in layers and the layer identity of a given cell

determines many of its morphological and physiological features (Sempere-Fernandez,
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2016): (2) regional discontinuities exist, reflecting the differential layer organization, size,
density and distribution of neurons and (3) in the radial dimension, neurons are
stereotypically interconnected forming what many have interpreted as unitary functional

columns.

So that the diagram of cortical wiring, incorporating local columnar and layer
microcircuits and their inputs and outputs, forms neocortical function and plasticity. It
is thought that microcircuits are highly stereotyped and comparable across functionally
different areas (Douglas & Martin, 2007; Pentreanu et al., 2007; Sempere-Fernandez et al.,

2019).

On the one hand, as I said before, an indicator of neocortical areas is its layer
distribution with neurons from different layer showing distinct genetic, morphologic and
functional features. Functional properties researched in sensory, motor and associative
cortex in vivo through electrophysiological recordings and calcium images have revealed
that pyramidal neurons in L2/3 implement a sparse firing code (Beloozerova et al,
2003a,b; Crochet et al., 2011; Crochet & Petersen, 2006; Sakata & Harris, 2009; Sawinski
etal.,, 2009). The pyramidal neurons remain silent or are sharply-tuned, firing in response
to specific configurations of the stimuli. Against, large pyramidal neurons in L5b with
thick apical dendritic tufts are broadly-tuned and respond in a more unspecific manner.

The distinct activity patterns shown by L2/3 and L5b pyramidal neurons are found both

18



in awake and anesthetized animals, indicating that this layer distinction is a general

signature of cortical functions (Sempere-Ferrandez et al., 2019).

Other study said that L2/3 axons connect with neurons in L2/3, L5 and L6, but not
in L4, in both ipsilateral and contralateral cortex. In both hemispheres the L2/3-to-L5
projection is stronger than the L2/3-to-L2/3 projection, suggesting that layer specificity

may be identical for local and long-range cortical projections (Petreanu et al., 2007).

On the other hand, one of the principal fiber bundles of the brain of placental
mammals is the corpus callosum. The axons forming the corpus callosum sustain
interhemispheric connections between homotopic cortical areas along the entire
rostrocaudal axis of the cortex having an important in role in sensorimotor integration
and high-order cognitive functions, including self-perception (Sempere-Fernandez et al.,

2016).

In our laboratory, it has been studied recently in cortical slices throughout the
columnar extension of the RSC how neurons integrate the contralateral input from
callosal projecting neurons. They researched the arborization of callosal axons originated
in superficial callosal projecting neurons of the dysgranular RSC. These results showed
that pyramidal neurons in L2/3 and large thick-tufted pyramidal neurons in L5b
presented larger excitatory callosal responses than L5a and L5b thin-tufted pyramidal

neurons to the input, whereas L6 remained silent. Feed-forward inhibitory currents
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generated by parvalbumin positive-fast spiking (PV-FS) GABAergic interneurons
recruited by callosal axons mimicked the response size distribution of excitatory
responses across pyramidal subtypes. The response size is larger in pyramidal neurons of
superficial layers and in the in the L5b thick-tufted pyramidal cells. Generally, the
combination of excitatory and inhibitory currents due to callosal input had a strong and
opposed effect in different layers of the cortex; whereas L2/3 pyramidal neurons were
powerfully inhibited, the thick-tufted pyramidal neurons in L5 were strongly recruited.
An important point is that stronger PV-FS dependent feed-forward inhibition in the
former was not a particular feature of the callosal projection, but a general property of the
organization of retrosplenial local microcircuits (Sempere-Fernandez et al., 2016).
Moreover, while upper layers PV microcircuits are organized in a feed-forward manner,
in deeper layers they follow a feed-back organization which was more permissive for
integrating synaptic excitation (Sempere-Fernandez et al., 2019). Our laboratory also
observed that a crucial determinant of the large L5b excitability comparing to L2/3
pyramidal neurons had IPSCs of lower amplitude and the temporal delay between the
excitatory and inhibitory synaptic components was also larger in these cells. Their data
also proposed that this difference depends on the lower gain of the cortical response of L5
PV-FS comparing to L2/3. They suggested that whereas superficial L2/3 PV-FS
GABAergic interneurons were well suited to provide a powerful feed-forward inhibitory
control of pyramidal neuron excitability, L5 PV-FS interneurons are mainly engaged in a
feedback inhibitory loop and only after a substantial recruitment of surrounding

pyramidal neurons responding to an external input.
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4.2. Neocortical pyramidal cells

Approximately, a 85% excitatory pyramidal neurons and a 15% inhibitory
interneurons comprise the mammalian neocortex (Cajal, 1991; DeFelipe & Farifias, 1992;

Markham et al. 2007; Ramaswamy & Markram 2015; Spruston 2008).

The nervous system consists in an enormous variety of neurons that present
distinct dendritic morphologies, local and long-distance axonal connections,
neurotransmitter phenotypes and patterns of gene expression. The generation of these
different characteristics uses a range of cellular and early regionalization of the neural
tube acting in conjunction with intracellular signals, temporally regulated factors and cell-
intrinsic cues to determinate the fates and identities of specific classes of neurons

progressively.

Pyramidal neurons are formed and travel radially from the periventricular surface
to their final destination, close to the pia (Rakic 1972). In the mammalian isocortex, this
migration follows an inside-out pattern, in other words, those pyramidal neurons from
deeper layer are formed and reach their destination before those in superficial layers,
which will have to travel through the formers to get their final position (Rakic, 1972;

Rakic, 2010).
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In the mammalian cerebral cortex, pyramidal neurons could be classified into two
principal classes: cortico-cortical projection neurons (upper layers) and subcortical
projection neurons (deeper layers). On the one hand, in the ventricular zone, early
progenitor cells form deep layer neurons which express transcription factors as Sox5,
Fezf2, and Ctip2, playing important roles in the specification of subcortically projecting
axons. On the other hand, progenitors in the subventricular zone, which express Satb2
required for the formation of axonal projections that connect the two cerebral
hemispheres, produce upper layer neurons. During development, the Fezf2/Ctip2 and
Satb2 pathways appear to be mutually repressive in order to ensure that individual
neurons adopt a subcortical or callosal projection neuron identity at early times. In
addition, it is known that Satb2 regulates gene expression with molecular mechanism
involving long-term epigenetic changes in chromatin configuration that could enable cell

fate decisions in order to be maintained during development (Leone et al., 2008).

The cerebral cortex is organized in layers that are limited by the densities and
morphologies of their neurons since Cajal appreciated it for the first time. Thanks to
retrograde tracing techniques and intracellular dye injections it is generally known
neurons in the upper L2/3 tend to form cortico-cortical connections, including
projections to the contralateral hemisphere across the corpus callosum, while neurons in
L5/6, and the subplate are the source of subcortical projections to targets that include the
spinal cord, pons midbrain and thalamus. Neurons in L1 and L4 extend axons locally

within the cortex. Although it is revealed that cortical interneurons arise from the same
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progenitor population as those that generate projection neurons Furthermore, the bulk
of these neurons derive from the ganglionic eminence, which serves as the progenitor

pool for the striatum and basal ganglia.

As it is said above, progenitor cells that line the dorsal aspect of the lateral
ventricles in the forebrain derive the cortical projection neurons. So that neurons of
different layers are generated in a stereotypic temporal sequence during development.
First, in the ventricular zone, immediately adjacent to the ventricles, mitotically active
cells are found. Second, in the subventricular zone at later stages, which forms between
the ventricular zone and the overlying intermediate zone. With more detail, the first
neurons to specify and migrate out of the ventricular zone until the preplate. The preplate
is split into two zones subsequently due to the arrival of neurons that form the cortical
plate. On the one hand, the upper preplate (marginal zone) is occupied by Cajal-Retzius
neurons, of which the vast majority are derived from a region known as the cortical hem
and then migrate tangentially to populate the neocortex; and, on the other hand, the
deeper domain of the preplate becomes the subplate being a largely transient zone of
neurons which are involved in axon targeting during development. In order to make
experiments, it is important to differentiate that neurons o the deepest layers (L5 and L6)
are generated earlier than neurons of L4, L3 and L2 (MuhChyi et al., 2013; Leone et al.,

2008; Tyler et al., 2015).
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Regarding morphology, pyramidal neurons (or principal cells) present: a
triangular soma; 2 different dendritic domains with high density of spines emanating
from the base (basal dendrites) around the soma, and the apex of the soma (apical
dendrites) which extend towards the Pia forming multiple oblique dendrites in route and
terminating in a distinct tuft that is associated with high branching density; and an axon
which usually forms several local collaterals before leaving the neocortex to project to
distant brain regions. Functionally, apical dendrites characterized pyramidal cells with
unique properties that are essential for integrating top-down, from association areas) and
bottom-up streams of input (from primary sensory and motor areas) to the neocortex to
shape the output firing pattern of pyramidal cells. Apical dendrites also form the basis for
the generation of active dendritic and synaptic events: back-propagating action potentials,
calcium transients in dendrites, integration of synaptic inputs from different cortical

layers, and spike-timing dependent plasticity.

Until this moment, there is no a consensus on the number of morphologically
different types of pyramidal cells in the neocortex. Even most neurons that are visually
distinguishable, there is no an official morphological description to define them. This is
the case of LS pyramidal neurons compared to regular spiking (RS or in our thesis named

as non-LS) pyramidal neurons,

Types of pyramidal cells are objectively defined by their unique functional

properties which are thought to be associated with morphology, as specific firing patterns
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(Deitcher et al., 2017) and distinct synaptic subnetworks formed within and across layers
(Kampa et al., 2006; Kanari et al., 2019; Yoshimura et al., 2005). Therefore, morphological
cell types are separated using the branding properties of the apical trees (Jiang et al., 2015;
Kanari et al., 2019). Nevertheless, it is nonconsensual and ambiguous classifications due
to the subjective visual inspection despite the researcher experience (DeFelipe et al., 2013;
Kanari et al., 2019; Ledergerber & Lakum 2010; Markram et al., 2015; Marx & Feldemeyer
2013). Apical branching structure was analyzed topologically in pyramidal cells by
Markram’s laboratory (Kanari et al., 2019) revealing 16 subtypes of neurons in all cortical
layers, and also one more subtype was objectively identified in L6. They justified the
presence of 3 subtypes in L2, 2 subtypes in L3, 3 subtypes in L4, 3 subtypes in L5 and 6
subtypes in L6. However, no pyramidal cells were found in L1. They described that apical
dendrites of pyramidal cells in supragranular L2/3 reach L1 and the pia. The apical
dendrites of pyramidal neurons in L4 and L6 often reach the supragranular layers, but not
L1. Principal pyramidal cells subtypes in L5 have the longest apical dendrites, which reach
L1 and the pia, and minor pyramidal cell subtypes in L5 tend to extend to the
supragranular layers, bit not L1 (Figure 4.1). Moreover, they said that there is the
existence of 2 subtypes that are not justified by the topological analysis: a subtype of tufted
pyramidal cells in L5, and a horizontally oriented cell type in L6 (Kanari et al., 2019). This
study validates the appearance of a common type of pyramidal cells across L2-L6 tufted
pyramidal neuron and the existence of several types that are unique to specific layers
(spiny stellate cells in L4 and the bitufted pyramidal neurons in L6). An interesting point

is that the diversity of apical dendrites shapes is bigger with the distance from the pia,
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stipulating that the large morphological variability that is present in deeper layers support
its higher functional complexity (Kanari et al., 2019; Reimann et al., 2017). In fact, long-
range axonal projection of pyramidal cells is a crucial property to classificate them
because it enables different computational functions (Boudewijns et al., 2011; Brown &
Hestrin 2009; Hattox & Nelson, 2007; Kanari et al.,, 2019; Larssen & Callway 2005).
Hopefully, these observations could help to get a systematic characterization of whole-
cell reconstructions in order to quantify their long-range axonal projection features and

associate them to their local dendritic characteristics.
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CORTICALPYRAMIDALNEURONS

Figure 4.1. Cortical pyramidal cell types. Representations of somata and cell of
all types/subtypes. On the one hand, deeper layers express a larger diversity of pyramidal
cell types as the complexity of branching types increases from L2 to L6. The dendritic
diameters have been scaled x2 to improve resolution of the dendritic morphologies.
(IPC=inverted pyramidal cells); TPC= tufted pyramidal cells; UPC= untufted pyramidal
cells; SSC= spiny stellate cells; BPC= bitufted pyramidal cells; HPC= horizontal pyramidal

cells). Figure modified from Kanari et al., 2019.
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4.3. Rodent retrosplenial cortex

Within rodent cerebral cortex, the RSC belongs to the isocortex. It is the most
caudal part of the cingulate cortex (Czajkowski et al., 2014). However, there are no
posterior cingulate areas 23 and 31 as in primates (Czajkowski et al., 2014; Van Groen &

Wyss, 2003; Vann et al., 2009; Vogt & Paxinos, 2014).

For RSC research, location is everything. The term ‘retrosplenial’ defines the
position immediately behind the splenium, the most caudal part of the corpus callosum
(Vann et al., 2009). A striking feature of the rat RSC is its size that extends over half the
length of the entire cerebrum, making it one of the largest cortical regions in this species
(Vann et al.,, 2009). As in the primate, it is further divided into areas A29a—c (granular
cortex) and area A30 (dysgranular cortex) (Figure 4.1) (Czajkowski et al., 2014; Shibata,
2000; Sigwald et al., 2016; Van Groen & Wyss, 2003). This nomenclature refers to the
existence in the ventral region of smaller pyramidal neurons of high density of a L2/3 that
disappear moving dorsally. These morphological differences are accompanied by
differences in the electrophysiology of these neurons. The pyramidal neurons of the
ventral region respond to depolarize current pulses with a firing pattern of LS, while in
the dorsal region they show the pattern of RS classic pyramidal accommodation (Kurotani
et al., 2013). We are going to refer to the regions and subregions as described by Van
Groen and Wyss that is dysgranular, granular a and granular b regions (Figure 4.1)

(Czajkowski et al., 2014; Van Groen & Wyss, 2003).
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In 1994 was described in rat the cytoarchitecture of area 29, posterior cingulate
cortex or posterior parietal cortex and its intrinsic and extrinsic connections (Hedberg &
Stanton 1995), permitting interpretation of their results on the basis of a known
population of posterior cingulate cortex neurons and their connectivities. Response to
subiculo-cingulate tract and Corpus Callosum stimulation is best understood in light of
the structural elements of posterior cingulate cortex (area 29): (1) a molecular L1
contained primarily of dendritic ramifications of L5 pyramidal neurons, the apical
dendritic tufts of small and fusiform pyramidal cells and afferent axonal plexus; (2) a
granular tightly packed L2/3 consisting of the somata of small and fusiform pyramids that
are found only in this cortical region, dendritic tufts of large L5 and medium L6 pyramidal
neurons and some non-orienting (extraverted) large pyramidal neurons; (3) an agranular
L4 which comprises a spatially dispersed representation of the pyramidal neuron types
occurring in L2/3; (4) a deep magnocellular L5 involving large pyramidal neurons which
receive dense innervation from transcallosal and thalamic fibers and whose vertically
oriented apical dendrites undergo extensive arborization in L1 and L2/3; (5) a deep L6
containing small and very large pyramids with efferent axons coursing to contralateral
and anterior cingulate cortex as well as to anterior thalamic nuclei. Throughout all
submolecular layer, a huge number of polymorphic and intrinsically projecting local
circuit interneurons are homogeneously distributed. These interneurons are largely
GABAergic and probably mediate both feedforward and feedback inhibition of excitatory

afferent inputs.
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In summary, the findings of the last study indicate that: (1) posterior cingulate
cortex is 'tuned’ to respond maximally to 6-frequency input from subiculum; (2) within
the 3-8 Hz tuning window, subiculo-cingulate tract-driven EPSP and first action potential
latencies in neurons of superficial and deep layers reach maximal synchrony and are thus
configured to synaptically relay subiculo-cingulate tract input in a 1:1 correspondence to
both intracingulate and upstream sites; (3) 0 -frequency input can likewise 'prime’
normally quiescent synapses for long term synaptic plasticity induction permitting the
recruitment of additional intra and extracingulate circuitries or subroutines; (4)
tetanization of corpus callosum or subiculo-cingulate tract inputs elicited the expected
homosynaptic LTP of the deep layer pyramidal response, but failed to induce long-term
plasticity in polysynaptically driven superficial layer pyramidal neurons; (5) 0 -burst
tetanization of corpus callosum inputs coupled with the interleaving of out-of-phase
subiculo-cingulate tract stimulation at 5 Hz yielded associative LTD, however
heterosynaptic LTD of equivalent magnitude could also be elicited in this pathway in the
absence of 5 Hz stimulation; (6) low frequency (1-5 Hz) stimulation of either corpus
callosum or subiculo-cingulate tract produced homosynaptic LTD in each pathway and
finally; (7) these findings are in accordance with a model of the organization of posterior

cingulate cortex microcircuitry reported previously (Hedberg & Stanton 1995).

Collision and latency studies have suggested that most superficial layers (L2/3-14)
pyramidal neurons driven by subiculo-cingulate tract stimulation are activated

polysynaptically, via the ascending axonal collaterals of deep layer pyramidal neurons
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evoking a mixture of longer latency pure EPSPs and recurrent inhibitory postsynaptic
potentials (IPSPs). Superficial layers intracellular recordings thus show complex, mixed-
sign postsynaptic potentials. Posterior cingulate cortex, as a synaptic target of
hippocampal output and thalamic sensory information, is the site of generation of
characteristic neuronal population potentials by a predictable sequence of both intra- and
interlayer processing of that synaptic input. The induction of long-term changes in the
strength of critical synaptic pathways could thus play a significant role in: (1) the
processing and storage of amplitude and frequency modulated input; (2) the gating of
hippocampal output; and (3) selective response sensitivity to particular input firing
frequencies. Since the only spiny apical dendrite branchings in L2/3 arise from medium
and large pyramidal neurons with somata confined to L5 and L6 (deep pyramidal
neurons) and these same neurons send axonal collaterals back up into superficial layer
where they innervate both superficial pyramidal neurons and interneurons. Posterior
cingulate cortex microcircuitry reviewed in detail, may be sufficient to sustain a bilayer
back-propagation loop. Accordingly, elucidation of specific patterns of activity that
induce long-term plasticity in each layer is a crucial step in determining the information
processing capabilities of posterior cingulate cortex in relation to hippocampal input and
its integration with thalamic and other extracingulate input. The importance of such
determinations arises from the possibility that the subiculo-cingulate tract / posterior
cingulate cortex system may serve as a comparator or 'gate’ to motor areas for
environmentally relevant information encoded in the corticopetal output of neural

comparisons computed at synapses on CA3 pyramidal neurons. Variations in both the
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period and coherence (synchronicity) of the rhythmic discharges carried from
hippocampus have been repeatedly linked with learned perception of novel stimuli in a

number of behavioural paradigms (Hedberg & Stanton 1995).

Figure 4.2. Location and principal connections of the rat RSC. d indicates the
dysgranular cortex (area 30); a and b respectively indicate divisions granular a region and
granular b region within the granular cortex (area 29). The arrowheads in area 29 do not
distinguish between granular a region and granular b region. Figure modified from Vann

et al., 2009.

Compatible with this cytoarchitecture, on the one side, the GRSC is connected

with limbic regions preferentially (anterior thalamus and the hippocampus that is
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essential for many kinds of memory) having a greater involvement in internally directed

navigation that contains “head-direction” cells (Shibata, 2000).

On the other side, the dysgranular RSC presents a greater connectivity with early
visual regions, the parietal cortex and the parahippocampal region, more closely
connected with neocortical regions and playing an important role linking limbic memory
areas with spatial and behavioural processing and navigation (Harland et al., 2014; Knight
& Hayman, 2014; Miller et al., 2014; Oda et al., 2014; Palomero-Gallagher et al., 2009;
Vogt & Paxinos, 2014). The “head-direction” cells in these different regions have different
discharge properties. In the RSC, the directional firing of some head-direction cells is
modulated by the animal’s movements. However, the relationship of the head-direction
cells between RSC, laterodorsal and anterodorsal nucleus remains unclear.
Understanding the circuitry that conveys the head-direction signals between the RSC and
laterodorsal nucleus; and RSC and anterior nuclei is indispensable for elucidating the

neural mechanisms of the sense of directional movement (Shibata, 2000).
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Figure 4.3. RSC connectivity. (A) RSC is centrally positioned between cortical
sensory regions (blue) and limbic memory regions (green). (B) RSC presents regional
differences in connectivity with limbic (green) and cortical (blue) regions. GRSC (areas
29a-c) manifests greater connectivity with limbic regions such us the subicular cortex and
the anterodorsal and anteroventral nuclei of the anterior thalamic nuclei, while the
dysgranular RSC (area 30) presents greater connectivity with cortical regions involving
the parahippocampal region, the posterior parietal cortex and early visual areas. The
connections of the anterior thalamic nuclei also differ by region, with the anterodorsal
and anteroventral nuclei exhibiting greater connectivity with limbic areas and the
anteromedial nucleus presenting greater connectivity with neocortical regions. Figure

taken from Miller et al., 2014.
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Figure 4.4. Schematic diagram of corticoretrosplenial circuitry involved in processing
contextual information.

Simplified illustrating only the densest connections. Figure modified from Robinson et

al., 2014.

Humans differ also in abilities of individual navigation. These differences
individually may exist because successful navigation relies on several disparate abilities in
part, which rely on different brain structures. One such navigational capability is path
integration, the updating of position and orientation, in which navigators track distances,

directions and locations in space during movement. Stern’s laboratory suggested that
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these three aspects of path integration are largely independent (Chrastil et al., 2017). The
RSC is positioned and interconnected between limbic areas which are important for
memory formation (hippocampus and the anterior thalamus, limbic regions and cortical
regions along the dorsal stream) (Figure 4.2) known to contribute importantly to long-
term spatial and contextual representation (posterior parietal/visual cortex). The specific
deficits seen in tests of human and rodent navigation suggest that RSC supports
allocentric representation by processing the stable features of the environment and the
spatial relationship among them (Sulpizio et al., 2015). Specifically, RSC is central to
translating egocentric spatial information into allocentric reference frames (Lin et al.,
2015). A study from 2017 showed that recordings made from RSC while rats navigated
through a complex environment has revealed populations of cells that encode route-
segments as well as the relative position of these segments within an allocentric
framework (Clark, 2017). A more specific study was done in 2015 where it is said that
other sites may be able to compensate for the loss of the RSC because there are good
reasons to suppose that the RSC has a very different role in spatial memory from that of
the hippocampus and anterior thalamic nuclei (Nelson et al., 2015). They demonstrated
through RSC lesions that RSC use both allocentric and directional information,
exacerbated by an impaired ability to switch between different cue types (Nelson et al.,
2015). Nevertheless, the subset of thalamocortical projections to RSC has unique
molecular basis in the glutamatergic transmission system (Oda et al., 2014). In addition
to spatial cognition, it is compiled in a recent review (Chrastil, 2018) that RSC plays a key

role in contextual and episodic memory. In this way, RSC plays a dual role as part of the
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feedforward network providing sensory and mnemonic input to the hippocampus and as
a target of the hippocampal-dependent systems consolidation of long-term memory. The
findings of Shan’s laboratory indicate two possible networks regarding RSC: a sensory-
cognitive network that has a hub in the RSC and that processes sensory information,
episodic memory and spatial learning; and other network that is involved in the
regulation of visceral functions and arousal. Furthermore, between the bilateral RSC was

observed functional asymmetry (Wang et al., 2016).

And the results of Stark’s laboratory placed clear handicaps on the experimental
methods to aim to research the representations contexts and items during performance
of associative memory tasks (Huffman & Stark, 2017). Moreover, their results provoke
interesting theoretical questions related to the disambiguation of memory-related
representations from processing-related representations. Furthermore, it was revealed an
early post-training involvement of anterior RSC in the processing of a long-lasting
aversive memory (Katche & Medina, 2017). In addition, the posterior cingulate cortex in
humans, which is RSC in rodent, has a key role in integrating the neural representations
of self-location and body ownership (Guterstam et al., 2015). Moreover, it was suggested
in humans that a greater waking connectivity between the RSC/hippocampus and various
nodes of the Default Mode Network was associated with lower sleep efficiency, lower
amounts of rapid eye movement sleep and greater sleep-onset latency, in other words,
insomnia (Regen et al., 2016). Also in humans, it was associated the subjective cognitive

impairment which is a clinical state characterize by subjective cognitive deficits without
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cognitive impairment. It was implied that reduced functional connectivity in cortical
midline structures comes up with overestimation of the experience of forgetfulness
(Yasuno et al,, 2015). The RSC complex is a region implicated in spatial navigation
(Burles et al., 2017; Miller et al., 2014). Moreover, it was demonstrated in 2014 that RSC
has a role in processing temporal information and in turn extend the role of the RSC
beyond the physical context to now include the temporal context (Todd et al., 2015). RSC
has a critical role in the retrieval acquired auditory fear memories, and it was suggested
that this is related to the quality of the memory, with less precise memories being RSC
dependent (Todd et al., 2016). All the areas of the RSC provide sparse projections, mainly
ipsilateral, to the anterodorsal nucleus, with a crude topographic pattern such that the
rostrocaudal axis of the RSC corresponds to the caudorostral axis of the anterodorsal
nucleus. The data of Shibata indicates that each area of the RSC has a different projection
field within the anterior thalamic nuclei suggesting that each of these projections
transmits distinct information which is important for complex memory and learning
functions, e.g. spatial memory and discriminative avoidance learning. The interaction
between the RSC and the anterior thalamic nuclei is especially interesting for such
behavioural learning and spatial memory like contextual fear conditioning (Shibata, 1998;

Todd et al., 2017).

Additionally, it was demonstrated that blocking protein synthesis in the RSC

before, but not after acquisition impairs rats memory for trace neutral conditional
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stimulus and context fear without affecting memory for the neutral conditional stimulus
in standard delay fear conditioning (Kwapis et al., 2015). The last research also showed
that NMDA receptor blockade in the RSC transiently impairs memory retrieval for trace,
but not delay memory. So that, the RSC therefore appears to critically contribute to
formation of trace and context fear memory in addition to its previously recognized role

in context memory retrieval.

Neurons within cortical L4-L5 of A29 (GRSC) are critically required for efficient
retrieval of contextual fear memory (Sigwald et al., 2016). To elucidate the involvement
of RSC areas 29¢ and 30 in spatial memory, an experiment was done with c-Fos expression
in rats during several days (Malinowska et al., 2016). What they obtained was that areas
29c and 30 seem to be activated during spatial memory processing on the first day of
training, while area 30 appear suppressed during long-term memory functioning on the

third day when rats effectively avoid.

It was delighted a positive point to functional connectivity between subgenual
anterior cingulate cortex and bilateral parietal regions such as RSC potentially
underlining this connection as being important in the modulation of the non-prospective,
hastiness-related aspects of impulsivity (Golchert et a., 2016). This proposes that poor
perseveration and premeditation may be linked to dysfunctions in how the rostral zone
of the anterior cingulate cortex interacts with the multiple demand network that allows

cognition to proceed in a controlled way.
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A positive urgency was elated to functional connectivity between subgenual
anterior cingulate cortex and bilateral parietal regions such as RSC potentially
highlighting this connection as being important in the modulation of the non-
prospective, hastiness-related aspects of impulsivity (Golchert et al., 2016). This suggests
that poor perseveration and premeditation might be linked to dysfunctions in how the
rostral zone of the anterior cingulate cortex interacts with the multiple demand network

that allows cognition to proceed in a controlled way.

In addition, in 2017, it was suggested the selective vulnerability of the primary
sensorimotor cortices and associations between cortical thinning in the prefrontal and
parietal cortices and cognitive impairment in HIV-infected patients (Shin et al., 2017).
Furthermore, for the first time, Yoon’s laboratory proposed retrosplenial cortical

thinning as a possible major contributor to HIV-associated cognitive impairment.

Other study in humans confirmed that using functional magnetic resonance
imaging (fMRI) it was suggested that: according to the rodent bibliography, the human
thalamus might integrate visual and body-based orientation cues; global reference be used
to integrated head direction across separate individual locals; and immersive training
procedures providing full body-based cues might help to clarify the neural mechanisms

supporting spatial navigation (Shine et al., 2016).
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Furthermore, it was revealed an implication of RSC in temporal order memory
and that rat RSC involves one of a group of closely interlinked regions that enable recency
memory, including the hippocampal formation, medial diencephalon and medial frontal
cortex (Powel et al., 2017). Considering the well-established importance of the RSC for
spatial learning, the findings support the notion that, with its frontal and hippocampal
connections, RSC has a key role for both what/when and where/when information.
Dynamic processes recruit RSC, hippocampus and parahippocampal cortex too in
support of path integration, involving a homing vector system that tracks movement

relative to home (Chrastil et al., 2015).

RSC is reciprocally connected with several areas in the parahippocampal region
(Agster & Burwell, 2009; Kononenko & Witter, 2016) and share some functional
properties with spatially and directionally modulated neurons in presubiculum,
parasubiculum and medial entorhinal cortex (Alexander & Nitz, 2015; Olsen et al., 2017).
Consequently, the RSC is positioned at the interface between the medial temporal lobe
memory system and sensory regions. In fact, there are studies indicating that RSC might
serve as a sensory integration center (Bos et al., 2017; Olsen et al., 2017). RSC present
projections to medial entorhinal cortex and this might be an inefficient route to the
hippocampal-projecting neurons of medial entorhinal cortex. First, posterior parietal
cortex preferentially projects to rostral RSC, whereas it is the caudal RSC that originates
the biggest input to medial entorhinal cortex. Second, RSC projections mostly terminates

in L5 of medial entorhinal cortex where the receiving neurons relay to superficial layers.
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Therefore, although RSC projects directly to medial entorhinal cortex, some relays within
RSC and medial entorhinal cortex are necessary for information from posterior parietal
cortex to reach superficial layers of medial entorhinal cortex. On the other side, the whole
rostrocaudal axis of RSC strongly projects to presubiculum adding importance to this area
as a relay since it distributes, similar to postrhinal, projections to superficial layers of
medial entorhinal cortex, likely targeting hippocampal-projecting neurons even though
synaptic contacts are made onto L5 neurons. To sum up, presubiculum remains as the
parahippocampal area that provides the most efficient route for posterior parietal cortex
projections to lead superficial layers of medial entorhinal cortex and ultimately the

hippocampal formation (Olsen et al., 2017).

Posterior parietal cortex is implicated in spatial functions as navigation.
Hippocampal and parahippocampal region and RSC are critically implicated in
navigational processes and connections between the parahippocampal/retrosplenial
domain and the posterior parietal cortex. Considering the close association of the
presubiculum with RSC, Witter’s laboratory incorporates the latter in their analysis in rat.
They indicated that posterior parietal cortex is moderately connected with RSC,
concretely with rostral area 30. The insufficiency of the connectivity with the
parahippocampal and retrosplenial domains proposes that posterior parietal cortex is
only a modest actor in the formation of spatial representations underlying spatial memory
and navigation in parahippocampal and RSC (Olsen et al., 2017; Zgraggen et al., 2012)

The relative sparseness of the connectivity with the parahippocampal and retrosplenial
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domains suggests that posterior parietal cortex is only a modest actor in forming spatial
representations underlying navigation and spatial memory in parahippocampal and RSC
described (Olsen et al., 2017; Zgraggen et al., 2012). However, an integrated account of

the organization of these connections is lacking.

Human being vary substantially in orientation and navigation ability within the
environment. However, it is difficult determine specific causes of these individual
differences. For building a mental representation of an environment, stable landmarks
are crucial. Poor navigators, in contrast to good, have been shown to have difficulty
identifying permanent landmarks with a concomitant reduction in fMRI activity in the

RSC (Auger et al., 2017).

Furthermore, hippocampus is a key structure for coding an animal’s detailed
location in time and space; and for linking noticeable behavioural events to this
spatiotemporal framework (Bos et al., 2017; Robinson et al., 2014). Memory and spatial
navigation depend on the neural coding of an organism’s location. It is suggested that
fine-grained coding of location depends on the hippocampus. Equally, animals benefit
from knowledge parsing their environment into larger spatial segments, which are

important to task performance (Bos et al., 2017).

Moreover, hippocampus is essential for retrieving spatial and contextual

memories. It is supposed that it mediates representations of the environment that were
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created during learning. In addition, dorsal hippocampus can modulate fear responding
independent of the ventral hippocampus (Tanaka et al., 2014). In contrast, it is checked
that learning does not require the hippocampus because Urba’s group tested the
involvement of the RSC in this process and they stipulated that RSC might participate to
episodic memory formation by linking essential sensory stimuli during learning
(Cowansage et al., 2014; Robinson et al., 2014). Furthermore, Perirhinal cortex mediates
discrimination and learning of complex configurations in the environment which might
incorporate multiple items and environmental context. Its firing patterns are maintained
across large spatial segments of the task environment. This is opposed to transient firing
in sensory neocortex and hippocampus (Bos et al., 2017). These results from different
laboratories might have noticeable implications for our understanding of the genesis of
contextual and spatial coding in the hierarchy from sensory cortices to the hippocampal
system. The data of Urban’s laboratory stipulate that RSC has a crucial role in forming
association between multiple sensory stimuli in the absence of reinforcement, a principal

component of episodic memory (Robinson et al., 2014).

Regarding anatomy, RSC receives inputs from dorsal hippocampal networks and
in turn projects to medial neocortical areas, also a particular prominent projection
extends rostrally to the posterior secondary motor cortex, proposing a functional cortico-
cortical link from the RSC to secondary motor cortex and therefore bridge between
hippocampal and neocortical networks involucrated in sensorimotor and mnemonic

aspects of navigation (Yamawaki et al., 2016). The findings of Shepherd’s laboratory
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established an excitatory RSC to secondary motor cortex cortico-cortical circuit that
engages diverse types of excitatory projection neurons in the downstream areas,
stipulating a basis for direct communication from dorsal hippocampal networks included
in spatial memory and navigation to neocortical networks involucrated in diverse aspects

of motor control and sensorimotor integration.

4.3.1. Retrosplenial cortex lamination

RSC is contemplated as an intermediate cortex because this cortical area displays
a transitional cortical pattern of lamination compared with the 6-layered neocortex and
3-layered archicortex (Zgraggen et al., 2012). Comparable to neocortex, the medial limbic
region develops in an “inside-out” fashion; infragranular deep cells are generated earlier
than supragranular superficial cells as it is explained above (Leone et al., 2008). Whereas
neurons in medial regions are generated later than those in more lateral subdivision in
the neocortex, in the limbic cortex is not a continuation of the adjacent somatic neocortex,
at least in terms of ontogenic pattern (Zgraggen et al., 2012). The studies of Kiss’s
laboratory showed a notable pool of postmitotic cortical glutamatergic precursors
localized in the dorsomedial corner of the ventricular zone/subventricular zone
underlying the medial limbic cortex. In their data it was demonstrated that theses cells
exit the subventricular zone and migrate radially toward L2 during the first postnatal

week, forming the last-formed pyramidal subpopulation of the medial limbic cortex. In
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the GRSC, the vast majority of these cells give rise to well-described dendritic bundling
cells (Zgraggen et al, 2012). At 7 postnatal day age, almost all cells (98%) were
accumulated in L2 because it takes place between 5-7 postnatal days. Thus, pyramidal
precursors, which migrate out of the ventricular zone/subventricular zone postnatally, are
already postmitotic at 0 postnatal day. Less than 5% of the postnatally migrating neurons
in L2 displayed GABAergic phenotype. The fact that the large majority of migrating cells
and neurons settled in L2 express Satb2 is consistent with the notion that these cells are

transcallosal-projecting neurons.

Memory depends on lasting adaptations of neuronal properties elicited by
stimulus-driven plastic changes. The strengthening and weakening of synapses results in
the establishment of functional ensembles. It is presumed that such ensembles, or
engrams, are activated during memory acquisition and re-activated upon memory
retrieval. RSC has appeared as a key brain area supporting memory in humans and spatial
memory in rodents. Regarding dysgranular RSC, it is densely connected with dorsal
stream visual areas and contains place-like and head-directions cells, making it a prime
candidate for integrating navigational information as we said before (Milczarek et al.,
2018). The studies of Milczarek in mouse dysgranular RSC directly provide confirmation
for the interdependence of spatial memory consolidation and RSC engram formation. It

is denoted the participation of RSC in spatial memory storage at the level of neuronal
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ensembles. So that, gradual emergence of a context-specific pattern of neuronal activity,
which is retained over long periods of time, accompanies spatial learning. Moreover, a
relationship with the degree of forgetting is displayed by the stability of the reactivated
engram, giving for the first time direct demonstration for the interdependence of spatial
memory consolidation and RSC engram formation. Related to that, Maguire’s laboratory
concludes that a decreased ability to process landmark permanence might be a
participative factor to sub-optimal navigation and could be associated to the level of RSC
engagement (Augeret et al, 2017). To sum up, in spite of the consensus that
environmental representation are built upon permanent, stable landmarks, variability in
the processing of permanent landmarks as a potential source of individual differences in
navigation has been almost ignored. More investigations of this with contribution of RSC
could help to understanding how spatial representations are built, varied and are
amenable to change. In addition, in many cases, long-term representations consolidated
in cortical regions can then support spatial navigation independent to hippocampus
(Bicanski & Burgess 2016; Fink & Meyer 2002; Hedberg & Stanton 1994; Mayford et al.,

1996; Miller et al., 2014; Yasuda & Mayford 2006;).

Furthermore, naturally occurring conditions that compromise the default
network, including Alzheimer’s disease and normal ageing, are well known to impair

episodic memory and other cognitive deficits from the earliest stages of this disease
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(Aggleton & Nelson, 2014; Ash et al., 2016;Harland et al., 2014; Oda et al., 2014; Bos et al,,

2017; Vann et al., 2009).

In addition, transient memories are formed as we go about our daily life at home
or work. They generally occur against the background of relevant prior knowledge. Many
of these “everyday” memories, being of little consequence, are forgotten rapidly as
Ebbinghaus first reported with experiments on memory training for nonsense syllables
(Ebbinghaus, 1885, as cited in Ebbinghaus, 2004). However, a subset of everyday
memories may be retained overnight or for longer (Wixted, 2004). More recent studies
suggests a new observation consisting in a stronger gene-activation in hippocampus and
RSC following spaced than massed training (Nonaka et al., 2017). Distinctive features of
their protocol include its potential validity as a model of memory encoding used routinely
by human subjects every day, and the possibility of multiple within-subject comparisons

to speed up assays of novel compounds.

According to its function, it was suggested for the first time in 2015 using
contextual fear conditioning in rats that the cannabinoid system of the RSC also
modulated emotional memory improving long-term memory consolidation with agonists
of the cannabinoid receptor type I (CB1R) (Sachser et al., 2015). For contextual fear
conditioning, memory relies upon the RSC without regard to how long ago conditioning
occurred, while areas connected to the RSC (anterior cingulate cortex and dorsal

hippocampus) appear to play roles which are time-limited. Accordingly, the degree of
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coherence between brain areas and the RSC might contribute and predict to context
memory retrieval and retrieval-related phenomena like fear extinction. Notably, even
though theta coherence in this circuit rises during memory encoding retrieval of recent
memory, failure to decrease RSC-dorsal hippocampus theta coherence may be linked to
retrieval deficit in the long term and perhaps contribute to aberrant memory processing
characteristic neuropsychiatric disorders (Corcoran et al., 2017). Moreover, RSC is

involved in the spreading of epileptic activity like perirhinal cortex (Salaj et al., 2015).

Other finding from our laboratory provided knowledge about the propagation of
synchronic electrical activity in the cerebral cortex, including its modulation by serotonin,
and suggest the presence of deep differences between the anterior cingulate cortex and
RSC in the structure of the local cortical microcircuits underlying the propagation of
synchronous discharges (Rovira & Geijo-Barrientos, 2016). In a research it was revealed
the importance of the RSC for processing various classes of visuospatial information and
highlight a broader role in the incidental learning of the features of a spatial array,

consistent with the translation of scene information (Nelson et al., 2015).
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4.3.2. Rodent granular retrosplenial cortex

More concretely, we have studied the GRSC. The modular organization was first
discovered in rat (Wyss et al., 1990). Structures associated with the small-scale module
are called “minicolumn” and it can be observed frequently in the cerebral cortex.
Distinguished features of the L1 GRSC modular organization in rat (Figure 4.3) comprise:
(1) the aggregation or segregation of apical dendrites (receiver) of types of pyramidal cells,
the same or different, respectively, and (2) the fact that certain types of terminals (inputs)
either match or interdigitate with a specific type of dendritic aggregation (Ichinohe,
2012). It was found that the well-filled dendrites of callosally projecting L2 pyramidal
neurons group together in discrete bundles meanwhile they ascend toward the pial
surface (Figure 4.3) (Ichinohe, 2012; Van Groen & Wyss, 2003). Moreover, several other
recent investigations provide evidence that disrupting the dense reciprocal connections
between the GRSC and anterior thalamic nucleus results in a striking loss of synaptic

plasticity in the superficial layers of the GRSC (Kurotani et al., 2013).

Okamura’s laboratory recopilated that many anterograde and retrograde tracing
studies of the RSC have reported that GRSC has reciprocal connections with the anterior
cingulate cortex, the area 18b (visual) cortex, the subiculum, and the anterior ventral and
lateral dorsal thalamic nuclei. The GRSC also receives projections from the precentral
agranular cortex, the claustrum, and the horizontal limb of the diagonal band of Broca.

There is a layer organization of the efferent neurons in the GRSC. A point-to-point
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projection originates in the neurons of the superficial layers L2, L3, and L5, and a
somewhat more widespread projection originates from the neurons in L3 and L5. The
intrinsic projections from the GRSC arise from projects predominantly to L2, whereas the
postsubiculum projects to L1 and L3-L5. Axons from the contralateral GRSC formed a
dense terminal plexus in L4 and L5. Thus, the IL-18R-ir neurons in L5 of the GRSC
exchange and associate limbic regions and visual information with the cingulate, the
subicular and the area 18b (visual) cortices. Many parvalbumin-, calretinin- and
calbindin-containing neurons are found in the GRSC. Parvalbumin-containing neurons
co-localize with y-Aminobutyric acid (GABA). These parvalbumin-, calretinin- and
calbindin- containing neurons are small and distributed throughout the GRSC, but not
confined to L5. Considering their cell sizes, the location and the distribution pattern of
their dendrite, these calcium-binding protein-containing neurons were thought to be

interneurons in the RSC (Hayakawa et al., 2016).

GRSC has dense connections between the anterior thalamic nuclei and
hippocampal formation. These three areas have been assumed to operate conjointly to
support spatial learning and memory, default mode network and emotional evaluation of
behavioural contexts. Connections between the GRSC and anterior thalamic nuclei
strongly affect association learning. Moreover, the hippocampal-retrosplenial network is
responsible for spatial representation (Honda et al., 2011). Studies of Kurotani’s
laboratory researched employing fast voltage-sensitive dye imaging in slices of rat brain.

On the one hand, using coronal slices, L1 stimulation, which activates thalamic fibers
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presumably, evoked propagation of excitatory synaptic signals from L2-L4 to L5-L6 in a
perpendicular direction to the layer axis, followed by transverse signal propagation within
each layer. Using ionotropic glutamate receptor antagonist, direct activation interneurons
in L1 induced inhibitory responses in superficial layers. On the other hand, using
horizontal slices, excitatory signals in deep layers propagated transversely via superficial
layers mainly from posterior to anterior. Moreover, cortical inhibitory responses upon L1
were weaker in horizontal slices than in coronal slices. Differences were found between
coronal and horizontal plane proposing anisotropy of the intracortical circuitry. In
conclusion, both in horizontal and coronal planes of the GRSC, anterior thalamic nuclei
inputs are processed differently and conveyed to other cortical areas. Furthermore,
superficial layers of GRSC in both planes play a crucial role in signal propagation
suggesting the importance of the superficial neuronal cascade in the integration of
multiple information sources (Nixima et al., 2017). Nevertheless, there is a limited
knowledge of the functional connectivity on GRSC. Then, in order to understand the
GRSC function, it should be elucidated how anterior thalamic nuclei inputs are processed
in the GRSC microcircuitry by these peculiar superficial neurons particularly. Also in
Kurotani’s laboratory (Nixima et al., 2017), using optical recordings of neuronal activity
through fast voltage-sensitive dye in brain slices of rat GRSC, it was evidenced that
thalamic inputs first activate superficial GRSC layers and then deeper GRSC layers. Apart
from that hippocampal formation inputs project to GRSC deeper layers directly,
superficial neuronal cascades temporally modulate anterior thalamic nuclei and

hippocampal formation and might trigger synaptic plasticity in deeper layers. It was
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demonstrated too that superficial layers are essential for transverse propagation of
excitation along the cortical layers to other cortical regions, proposing a possible role as

an information hub of GRSC.

A recent study of 2019 specify one step more investigating the potential circuit
suggested by projections to GRSC L1 from GABAergic CAl neurons and anterior
thalamic nuclei. They found that CA1 project GRSC projections stem from GABAergic
neurons with a distinct morphology, electrophysiology and molecular profile. Their long-
range axons inhibit L5 pyramidal neurons in GRSC via potent synapses onto apical tuft
dendrites in L1. These inhibitory inputs intercept L1-targeting thalamocortical excitatory
inputs from anterior thalamic nuclei to co-regulate GRSC activity. Subicular axons, in
contrast, excite proximal dendrites in deeper layers. However, short-term plasticity differs
at each connection and CA1 to GRSC or anterior thalamic nuclei to GRSC connections
oppositely affects the encoding of contextual memory (Yamawaki et al., 2019). They
established retrosplenial-projecting CA1l neurons as a distinct class of long-range
dendrite-targeting GABAergic neuron, and delineate an unusual cortical circuit
specialized for integrating long-range inhibition and thalamocortical excitation. In
addition, it was suggested that plasticity in the GRSC could be involved in the positive
modulatory effects of post-training intracranial self-stimulation on TWAA (two way

active avoidance conditioning) memory consolidation (Kadar et al., 2016).
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The underlying substrates of GRSC function are complex, and are likely to
incorporate both intrinsic cellular specializations as well as network properties. Theta
rhythmic activity has been postulated to coordinate activity in distributed systems,
including the GRSC, during mnemonic processes. Detailed information for the GRSC,
however, is largely limited to anatomical characterization of individual neuronal types,

and identification of the major inputs and outputs (Kurotani et al., 2013).

A distinctive feature of the rodent GRSC is an accentuated L2, consisting mainly
of closely packed, callosally projecting small pyramidal neurons (Ichinohe, 2012, Nixima
et al., 2017; Van Groen & Wyss, 2003). In the rat, the apical dendrites of these neurons
form prominent bundles, which co-localize with parvalbumin-positive dendrites and
with patches of thalamic terminations. The majority of pyramidal neurons in L2, and
some in underlying L3, have a distinctive LS firing pattern, where an initial rapid rise in
membrane potential is followed by a slowly ramping depolarization that leads to an action
potential firing near the end of a just-threshold current step. It is worth mentioning that
this LS property is unusual for pyramidal neurons, but has been previously reported for
pyramidal neurons of rat perirhinal cortex and several cell types like medium spiny
stellate neurons of the basal ganglia, neurons in the intermediate layers of the superior
colliculus, and cortical neuroglia form cells (Chu et al., 2003; Kurotani et al., 2013). The
most remarkable feature of L2/3 neurons is that their LS firing, which presumably
facilitates comparison or integration of different timed synaptic inputs, consistent with

the proposed role of the GRSC in memory-related processes (Nixima et al., 2017).
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Figure 4.5. Schematic drawing of the modular organization of the L1 GRSC. Figure

taken from Ichinohe, 2012.

Moreover, it is revealed that LS property is due to of delayed rectifier and A-type
potassium channels, which are identified as Kv1.1, Kv1.4 and Kv4.3 (Kurotani et al.,
2013). And it is known that Kv4.2, Kv4.3. and Kvl.4, which are encoded by A-type
potassium channels differentially regulate intrinsic excitability of cortical pyramidal
neurons (Carrasquillo et al., 2012). Our group researched about the current I, this Ixis a

fast-activating and inactivating outward K* subthreshold voltage activated current that
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activates at Vm=-50mV approximately and works against depolarization. It generates a
change in membrane voltage enough to delay the action potential firing and generates the
LS firing pattern. Moreover, the I, is known to be a regulator of the repetitive action
potential firing and membrane excitability in other neuron types and their cortical
regions, but only the pyramidal neurons in the GRSC and perirhinal cortex show LS firing

pattern that we know of.

Little is known about spatio-temporal dynamics of signal transduction in the
GRSC. It is established that LS neuron network relaying thalamic inputs to deep layers,
and anisotropic distribution of inhibition between coronal and horizontal planes in rat.
Since deep layers of the GRSC receive inputs from the subiculum, GRSC circuits may
work as an integrator of multiple sources such as sensory and memory information
(Nixima et al., 2017). For that, LS property may facilitate comparison or integration of
synaptic inputs during an interval delay according to the suggested role of GRSC in

memory-related processes. But, what about local circuits involving LS neurons?
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4.4. Gabaergic system

Normal brain function depends on precisely balanced excitatory and inhibitory
neurotransmission. Then, a reduced inhibitory system has been associated with a wide
variety of neurological disorders (Benke, 2013). Cortical structures consist of networks of
excitatory and inhibitory neurons which are born in distant locations. Excitatory
glutamatergic pyramidal neurons and inhibitory GABAergic interneurons comprise the
principal cellular elements of each of the individual microcircuits or modules of the
cerebral cortex. Pyramidal cells represent about 80% of the neurons in the cortex and their
role is transmit information between different cortical areas of the brain. GABAergic
interneurons, on the other hand, control and orchestrate the activity of pyramidal cells

(Bartolini et al., 2013).

GABAergic signaling also regulate other processes in brain development,
including neurogenesis, neuronal migration and synapse maturation (Del Pino & Marin,
2014). According to a large-scale, comprehensive profiling of L5 cortical neurons
differentiated 15 principal types of interneurons, additionally to two layer-defined types
of L2, L3 and L5 pyramidal neurons. Cortical interneurons present two types in L1
(eNGC-neurogliaform cells- and SBC-like-single-bouquet cell), seven in L2/3 (Martinotti
cell, NGC, BTC-bitufted cell, double-bouquet cell, basket cell and chandelier cell), and six
in L5 (Martinotti cell, NGC, basket cell, SC-shrub cell, HEC-horizontally elongated cell,

and deep-projecting cell). The different types has stereotypical electrophysiological and
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morphological properties and can be distinguished from all others by cell type-specific
axonal geometry and axonal projection patterns. Notably, each type of cell has its own
specific input-output connectivity profile and these connect with other constituent
neuronal type with varying degrees of specificity in layer location, postsynaptic targets
and synaptic features. Regarding characteristic patterns of connection for each neuron
type, it was revealed that a small number of simple connectivity motifs are repeated across

layers and neuron types defining a canonical cortical microcircuit (Jiang et al., 2015).

4.4.1. y -Aminobutyryc acid (GABA)

GABA is a major inhibitory neurotransmitter in the mammalian central nervous
system. GABAergic neurons are characterized by their release of GABA as a
neurotransmitter and these neurons are widely distributed in the central nervous system.
Essentially all neurons in the brain respond to GABA and perhaps 20% use it as their
primary transmitter. It is compiled in a review (Mohler, 2012) that GABA has been
implicated in many neurological and psychiatric disorders, including epilepsy, anxiety,
depression, panic, schizophrenia, autism, bipolar disorder, impair memory, obsessive
compulsive disorder, contextual hyperactivity, hyperalgesia, hypothermia, neuropathic
pain, cerebral ischemia, spasticity, dystonia, locomotion and other cognitive

impairments. Moreover, an agonist of GABA:R, baclofen, has been involved with anti-
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addictive effects (Agabio & Colombo, 2015). Furthermore, GABA transmitter system has
an important role in modulating synaptic formation and activity during development.
Specially, GABA commands cell proliferation and migration, raises protein synthesis,
stimulates neuronal differentiation and controls neurite outgrowth and synapse
formation during development. GABAergic signaling participates in neuronal
localization and synaptic pruning too. Additionally, sensory processing, attention,
learning and various other forms of behaviour are controlled by coordinated oscillatory
activity (Bolton et al., 2015; Fujita et al., 2011; Lépez-Bendito et al., 2003; Sebe et al., 2014b;

Xiao et al., 2012).

GABA exercise its effects via two classes of receptors: GABAARs, that are
multimeric ligand-gated Cl~ channels, and GABAsRs G protein coupled receptors that
control Ca2* and K* channels via second messenger systems (GABAjR are coupled to
adenylyl cyclase via G-protein; activation of GABAzRs inhibits adenylyl cyclase activity
to reduce cAMP levels and decrease protein kinase A activity, increases potassium
conductance and decreases calcium conductance) (Figure 4.5) (Agabio & Colombo, 2015;
Benke et al., 2015; Bolton et al., 2015; Chalifoux & Carter, 2011; Kerr & Ong, 2003; Kumar
et al., 2013; Raveh et al,, 2015). GABAgRs produce slow and prolonged inhibitory signals
and modulate the release of neurotransmitters (Li et al., 2003). Unlike ionotropic
GABARs, metabotropic GABAgR can be activated directly by GABA binding, and

facilitate postsynaptic action potential (Figure 4.5) (Bolton et al., 2015; Chalifoux &
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Carter, 2011; Kerr & Ong, 2003; Kim & Seo, 2014; Kumar et al., 2013; Mohler, 2012;

Parker et al., 2004; Raveh et al., 2015; Sebe et al., 2014b).

4.4.2. GABAs Receptor

GABAGgRs were discovered at the end of the 1970s by the Bowery's research team
and were cloned in 1997 (Benke et al., 2015; Bowery et al., 1983; Kumar et al., 2013).
GABAGgRs regulate the excitability of neurons via activation of different downstream
effector systems in pre- and postsynaptic cells and control all principal brain functions
such as synaptic plasticity, neuronal development and neuronal network activity (Benke
et al., 2015; Fabera & Mares, 2014; Kim & Seo, 2014). They are directly present at
presynaptic and extrasynaptic sites instead of the active zone or postsynaptic density of
synapses. This location of GABAgRs entails that activation either needs spillover of GABA
from glia cells or neuronal dendrites. At the level of single synapses, recent measurements
suggested that even basal neuronal activity can locally generate sufficient ambient GABA
concentrations for low-level tonic activation of presynaptic GABAgRs (Benke et al., 2015).
GABAjRs are commonly divided into auto- and heteroreceptors (Fig. 4) depending on
whether they control the release of GABA itself or other neurotransmitters such as
glutamatergic, noradrenergic and cholinergic transmission. Specifically release of GABA

from presynaptic site is controlled by GABA; autoreceptors and release of Glutamate or
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others from presynaptic site is controlled by GABAg heteroreceptors. On the other hand,
post-synaptic GABAs heteroreceptors dampen excitability by releasing GBy subunits to
activate inward-rectifier potassium (Kir) channels, resulting in the development of IPSP

and thereby controlling the neuronal excitability (Kumar et al., 2013).

Furthermore, GABAgRs is also associated with auxiliary K* channel
tetramerization domain subunits which exert little allosteric influence on agonist affinity
(Raveh et al., 2015). Action of GABA on postsynaptic GABAgRs results in generation of
IPSPs activating Kir channels; this hyperpolarization lasts longer and has higher
amplitude than IPSPs elicited by GABAaRs. Also, GABAgR inhibits postsynaptic voltage-
gate Ca?* channels in dendrites and spines which prevents Ca?* spikes and therefore
diminish neuronal excitability. However, there are two targets recently described: two-
pore K* channels (TREK 1/2) and NMDA receptors (Benke et al., 2015). Presynaptic
GABAsRs decrease release of transmitter from the presynaptic ending inhibiting
postsynaptic voltage-gated Ca** channels and activating presynaptic Kir channels (Benke
et al., 2015; Bolton et al., 2015; Chalifoux & Carter, 2011; Fdbera & Mares, 2014; Kerr &
Ong, 2003; Kim & Seo, 2014; Kumar et al., 2013; Mdhler, 2012; Parker et al., 2004; Raveh

et al., 2015; Sebe et al., 2014b).

This localization is a reason for ambiguous effects of GABAgR agonists like
baclofen on epileptic seizures—anticonvulsant, proconvulsant and direct convulsant

effects were described in various animal models (Fabera & Mares, 2014).
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Figure 4.6. Localization of GABAgRs to synaptic sites. Figure modified from Filip &

Frankowska, 2008.

As shown in Fig. 5, GABAR has two subunits GABAgz; and GABAgg,, having
molecular weight of 130 and 110 kDa respectively forming heterodimers (Charles et al.,
2001; Filip & Frankowska, 2008; Kasten & Boehm, 2015; Vigot et al., 2006). Both subunits
have a long extracellular N-terminal, seven transmembrane domains and a short
intracellular carboxy-terminal forming a loop responsible for linking the two subunits

(Filip & Frankowska, 2008). The same gene derives these subunits by alternative promoter
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usage and solely differ in their N-terminal ectodomains. GABAgr:. presents N-terminal
two sushi domains (SDs) which are lacking in GABAszr. Recently, it has been
demonstrated that the GABAgg; subunit exists in two isoforms GABAggi. and GABAggip
(Pinard et al., 2010). On one hand, the presynaptic GABAgRs are composed of the
GABAgri. and GABAg, subunits, whereas the postsynaptic proteins are composed of

GABAGgri, and GABAgg; subunits (Kumar et al., 2013; Vigot et al., 2006).

Recent studies demonstrate that GABAgR is the ligand binding subunit and
GABAG:R is a G-protein coupled subunit. The localization of GABAg R and GABAgR
mRNAs correlates well with the distribution of GABAergic neurons (Benke, 2013; Bolton
et al., 2015; Kerr & Ong, 2003; Li et al., 2003; Parker et al., 2004). Both subunits have
different roles, Bla is related to maintenance and hyperactivity, while B1b is implicated
in impaired memory formation and susceptibility to depression-like phenotypes (Kasten

& Boehm, 2015).
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STRUCTURE OF GABABR

Activation of
Ca?* permeability TREK 1/2

Figure 4.7. Structure of the GABA;g receptor and its intracellular signal effectors.

Figure modified from Benke et al., 2015.

These domains preferentially target GABAg:.. to the presynaptic terminals of
excitatory synapses, where it modulates glutamate release. On the postsynaptic side, both
isoforms are found in dendrites but only GABAgy; is located in spines (Li et al., 2003;
Raveh et al., 2015; Vigot et al., 2006). On the other hand, neuronal GABAsRs are thought
to consist of four distinct subtypes on the basis of ligand binding studies. (Li et al., 2003).
So that, GABAsi, and GABAg, are differentially compartmentalized and fulfill distinct

functions (Vigor et al., 2006).

64




In most neurons of L2/3 forward inputs elicited EPSPs that were followed by fast
GABAAx- and slow GABAg-mediated hyperpolarizing IPSPs. Thus, when forward and
feedback inputs are simultaneously active, feedback inputs may provide late polysynaptic
excitation that can offset slow IPSPs evoked by forward inputs and in turn may promote

recurrent excitation through local intracolumnar circuits (Shao & Burkhalter, 1999).

It is known from developmental studies in rat somatosensory cortex that
polysynaptic excitation is regulated by slow inhibition. This suggests that GABAgR
mediated IPSPs play a role in the modulation of signal amplification (Shao & Burkhalter,

1999).

As a consequence of a partial or complete blockage of inhibition, is generated a
synchronous epileptiform activity in the cortex. Epileptic seizures occur as a result of
episodic abnormal synchronous discharges in cerebral neuronal networks. Although a
variety of nonconventional mechanisms may play a role in epileptic synchronization. As
is the case throughout the central nervous system, fast synaptic excitation within and
between brain regions relevant to epilepsy is mediated predominantly by AMPA
receptors. NMDA receptors may also contribute to epileptiform activity, but NMDA
receptor blockade is not sufficient to eliminate epileptiform discharges (Rogawski, 2013).
Moreover, GABAgR function does affect behaviour, agreeing that proper functioning of

GABAGRs is crucial for numerous learning and memory tasks and that targeting this
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system via pharmaceuticals may benefit several clinical populations (Heaney & Kinney,

2016).

Independent and different mechanisms regulate phenomena initiation,
propagation and termination of cortical epileptiform activity in slices uninhibited. First,
initiation depends on both excitation and synaptic inhibition and this is a slow and
variable process. In contrast, the propagation of velocity and amplitude depends on the
excitatory synaptic but no inhibition above the threshold level. In the case of L2/3 in the
RSC, spread is a rapid process and is mediated by excitatory axonal collaterals between
spiking regular (RS) pyramidal cells. Termination is modulated by excitation and synaptic
inhibition and is characterized by blocking the depolarization. This activity is similar to
that detected in seizures and it is due to coordinated firing of a group of neurons that

generates a change in the local field potential (Pinto et al., 2005).

66






Hypothesis
and
objectives



5. HYPOTHESIS AND OBJECTIVES

The electrophysiological properties and responses of the cortical neurons, as well
as the way in which they are interconnected by synapses (local microcircuits) establishes
the core of the function of the cerebral cortex. Therefore, the study of the function of a
particular cortical areas, as it is the RSC, requires to obtain a deep knowledge of, at least,
the following: (1) the types of neurons making that particular cortical area; (2) the
intrinsic electrophysiological properties of each one of these neuronal types; (3) the
properties of the synapses connecting these neurons and (4) the organization and
properties of the local circuits forms by these neurons. From this point of view, in this
work we plan to study the functional properties and synaptic responses of a particular
subset of pyramidal neurons (the LS pyramidal neurons), which are present in the GRSC
as an initial step to understand the functional mechanisms of the cerebral cortex. From
this point of view and considering the previous knowledge available in the literature about
the RSC in rodents, we propose the following hypothesis: The LS pyramidal neurons of
the GRSC play a specific role in the working of this cortical area due to their specific
electrophysiological properties and to the way in which they are interconnected to the rest

of cortical neurons.

To prove this hypothesis we proposed the following objectives for this work:

1. To study the intrinsic electrophysiological properties of LS neurons.
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2. To study the activity of LS neurons during responses that are generated by the local
cortical networks, such as the propagation of epileptiform discharges.

3. To study the synaptic connectivity of the pyramidal neurons of the L2/3 RSC.

4. To analyze the role on inhibitory GABA receptors (GABA Rs) in the function of LS

neurons.
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6. MATERIAL AND METHODS

Most of the methods used in this work are described in the paper “Robles et al.,
2020”; however, in this section we give a more detailed description of this methodology,
and we described some methods used for the experiments shown in Sections 1 and 2 from

annex of results not included in the paper.

6.1. Animals and ethical approval

The vast majority of the experiments, except the recordings during epileptiform
discharges, were done in GAD67:GFP mice. These animals are of the C57BL6 strain and
express GFP under the GAD67 promoter; they are usually referred as GAD67:GFP
(Tamamaki et al., 2003). The experiments of recording epileptiform discharges were done
in C57BL6 mice from 14 to 22 postnatal days. We used males the vast majority of the time
in order to diminish fluctuations do to hormones. However, we used some females to test
if they have different response but we did not find any variability. Depends on the
experiment, we got different number of animals. From each animal, we obtained three
slices containing RSC and from each slice we could record until fourteen cells in some
cases approximately. Nevertheless, in pharmacological experiments, using drugs which

did not wash out we had to change the slice when we recorded only one neuron per slice.
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So that, we used from seven or eight mice per experiment or until thirty animals per
experiment. The Ethical Committee for the Experimental Research of the Universidad
Miguel Hernandez approved the experimental protocols (code: 2018/VSC/PEA/0035).
Protocols were according with national and international laws and policies (Spanish

Directive “Real Decreto 1201/2005”; European Union Directive 2010/63/UE).

6.2 Slice preparation

Slices of brain neocortex were obtained from 277 male mice of postnatal 14-22
days as we said above. Cervical dislocation was used for animals and their brains were
quickly excised and submerged in ice-cold low Ca®* / high Mg** cutting solution
(composition in mM: NaCl 124, KCI 2.5, NaHCOs 26, CaCl, 0.5, MgCl, 2, NaH,PO, 1.25,
glucose 10; pH 7.4 when saturated with 95% O, + 5% CO.). In the cutting solution, the
Calcium is further reduced and Magnesium is increased to diminish the neurotransmitter
release to prevent cytotoxic neurotransmitter release like Glutamate (Igelstrom et al.,
2011). Coronal slices were cut at 350 um of thick using vibratome (Leica V'T-1000;
Germany) and transferred to a glass beaker in which the tissue was submerged in artificial
cerebrospinal fluid (ACSF; composition in mM: NaCl 124, KCI 2.5, NaHCO; 26, CaCl; 2,
MgCl, 1, NaH,PO, 1.25, glucose 10; pH 7.4 when saturated with 95% O, + 5% CO,) during

30 min at 34°C. Then, the slices were stored at least one hour at room temperature
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submerged in ACSF before recordings were made. One slice at a time was transferred to a
submersion-type recording chamber during the recording period kept at 32-34°C. The
ACSF used to bath the recording slices was fed into the recording chamber at a rate of 2-

3 ml.min™ and was bubbled with a gas mixture of 95% O, + 5% CO; continuously.

6.3. Intracellular recordings

We made somatic whole-cell recordings from neurons whose soma was located in
the dorsal part of L2/3 or upper L5 of the GRSC. Recording location was in the transition
between GRSC and dysgranular RSC. Several neurons were recorded sequentially from
the same slice but others needed to change the slice for the drugs properties. In other
words, if the slices were not washed out completely due to the type of drug applied we
changed the slice in order to record another neuron. Pyramidal cells were identified by
their specific shape, revealed by intracellular staining with Alexa Fluor 594 at 10 uM and,
when slices from GAD67:GFP mice were used, by the absence of GFP expression. These
neuronal cells presented a particular soma and a dominant apical spiny dendrite oriented

to L1, whereas basal dendritic arbors were tangentially oriented.

Using an upright microscope (Olympus, BX50WI) equipped with Nomarski optics

and 40X water immersion lens, recordings were made under visual control. Current-
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clamp and/or voltage-clamp mode were used for recordings with a patch-clamp amplifier
(Multiclamp 700B, Molecular Devices, USA). The pipette junction potential was estimated
to be about -10mV using the junction potential calculator in the pClamp software, so that

no correction was made.

Signals of current or voltage were filtered at 4 kHz and digitalized at 20 kHz with
a 16-bit resolution analog to digital converter (Digidata 1440A, Molecular Devices, USA).
The stimuli generation stimuli and signal acquisition and the analysis were configured by

Clampex 10.3 software (part of the pClamp package; Molecular Devices, USA).

Patch pipettes made from borosilicate glass (1.5 mm outer diameter, 0.86 mm
inner diameter, with inner filament) were used for recording; their resistance was between
4-7 MQ filling them with intracellular solution (composition in mM): 130 K-gluconate, 5
KCl, 5 NaCl, 5 EGTA, 10 HEPES, 2 Mg-ATP, 0.2 Na-GTP, 0.01 Alexa Fluor 594; pH 7.2
adjusted with KOH; 285-295 mOsm). For this K-based internal solution, the theoretic

Nernst equilibrium potentials were Ex=-105.7, Ex.=89.3 and Ec;=-68.5).

More details are shown in results of the thesis or in material and methods of the
publication attached in this thesis manuscript. Generally, on the one hand, current clump
recordings were carried out at -70 mV and at the spontaneous resting membrane potential
of the neurons. It is worth mentioning that neurons were selected once recorded based on

three criteria: resting potential (< -50mV), overshoot (action potential has to pass 0OmV)
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and the amplitude of action potential (> 50mV). For analysis of records, Clampfit10.1
(Axon Instruments, USA) was used. For Series resistance (Rs), it was measured and
balanced on-line by the Bridge Balance tool of the Clampex software under visual
inspection. So that Rs was monitored at the beginning and at the end of each protocol,

and re-balanced if needed.

On the other hand, for experiments of voltage clamp, EPSCs and IPSCs were
recorded at holding potentials of -70 mV and 0 mV respectively, being these potentials
close to the reversal potential for the inhibitory and excitatory postsynaptic currents
respectively in order to identify them. Clampfit 10.3. perform quantification of intrinsic

membrane properties and synaptic responses.

6.4 Electrical stimulation

For electrical stimuli, it was used a concentric bipolar electrode (CBAFC57 outer
diameter 125 um, Frederick Haer & Co, USA) placed as indicated in Results section. It
was assessed the integrity of the callosal projection by extracellular recording prior to
intracellular experiments for contralateral stimulation (Sempere-Fernandez et al., 2018).
Single square current pulses, 100-500 pA and 0.1 ms, were applied at a frequency of 0.2

Hz to evoke synaptic responses in the recorded neurons. The smallest stimulus strength
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applied, 100pA, was close to the threshold to evoke postsynaptic responses and the largest
stimulus intensities between the threshold and those evoking maximum responses was
similar in different slices. In a typical experiment, recording of extracellular local field
potential was used to confirm the efficacy of the stimulus protocol and to set the stimulus

intensity (twice the threshold value) previously to go in whole-cell.

6.5. Glutamate application

Direct application of Glutamate (1 mM Glutamate dissolved in ACSF) using patch
pipettes evoked synaptic currents. In this case, we stimulated neurons with Glutamate
evoking firings from neighbour neurons in order to promote them to fire and evoke the
synaptic currents that we wanted to record them in our recording neurons. We was
accurate to avoid Glutamate currents directly on the soma of the recording neuron. The
tip of the pipette was located at several distances from the soma of the recording
pyramidal cell and Glutamate was released by pressure pulses of 5-10 psi during 20 ms
applied through Picospritzer (General Valve Corp. USA). Pressure pulses were applied at

intervals of 20 s.
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6.6. Intracellular staining with biocytin

Some recorded neurons were labelled with biocytin using the method described
by several laboratories (Jiang et al., 2015; Marx et al., 2013; Petreanu et al., 2007; Schnepel
et al, 2015; Sempere-Fernandez et al., 2019). Shortly, biocytin was added to the
intracellular solution at a final concentration of 5mg/ml. Slices containing stained
neurons were fixed overnight at 4°C in 100 mM phosphate-buffered saline (PBS, pH 7.4)
with 4% paraformaldehyde. Then, slices were rinsed several times in PBS containing 1%
Triton X-100 and the endogenous peroxidase was blocked by incubating in 30% H,O..
Then, slices were transferred to a complex of 1% avidin-biotinylated HRP that contained
0.5% Triton X-100 (ABC Peroxidase Standard PK-400 Vectastain; Vector Labs,
Burlingame, CA, USA) and were sacked for 1 hour in a fentle manner. Slices were reacted
using 3,3-diaminobenzidine (DAB;Sigma) and the reaction was stopped by adding 30%
H,0,. Glass slides were used to mount the slices embedded in Glycerol jelly and then
coverslipped. Once slices are prepared like that, biocytin-stained neurons were visualized
and photographed using Leica DM4000B microscope (Leica Biosystems, Germany) and
Leica DFC350FX camera (Leica Biosystems, Germany). In order to draw biocytin-stained
neurons, Neurolucida software (MBF Bioscience, Vermont USA) was used. Laminar
landmarks were visualized under bright-field illumination (Led stimulation pattern
covering the visible part of the slice especially the borders of 1L.2/3, L4, L5a, and L5b) ata
low magnification (10x objective, NA 0.06, PlanN, Leica DM4000B, Leica Biosystems,

Germany) and these cytoarchitectonic features were used to define laminar borders.
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Sometime we also observed the stained cells under fluorescence with the same microscope

(Leica DM4000B, Leica Biosystems, Germany).

6.7. Evoking and recording epileptiform discharges

For a group of experiments that we simulated epileptiform activity, we used
modified ACSF (mACSF) (composition in mM: NaCl 124, KCL5, NaHCOs 26, CaCl, 1.2,
MgCl, 1, NaH,PO4 1.25, glucose 10; pH 7.4 when saturated with 95% O, + 5% CO,) at
34°C for 30 min to store the slices and then to record neurons. The ACSF was modified
increasing excitability of the slice since we increased K* concentration and diminished

calcium concentration.

In mACSF and in the presence of 10 um Bicuculine (a GABA4 receptor blocker)
the stimulation of L1 evokes large oscillatory discharges that were recorded extracellularly
(Martin et al., 2009; Rovira & Geijo-Barrientos, 2016). A concentric tungsten bipolar

electrode stimulus (Frederik Haer and Co., USA) positioned in L1 was employed.
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6.8. Blockers of synaptic receptors

We used several drugs to block neurotransmitter receptors (Martin et al., 2009).
The GABA3Rs blockers CGP 55845 ((25)-3-[[(1S)-1-(3,4-dichlorophenyl) ethyl] amino-
2- hydroxypropyl] (phenylmethyl) phosphonic acid hydrochloride) and CGP 52432 (3-
[[(3,4-Dichlorophenyl)methyl]amino]propyl] diethoxymethyl) acid), the GABAaRs
blocker (-)-Bicuculline methiodide ([R-(R*,5*)]-5-(6,8-Dihydro-8-oxofuro[3,4-e]-1,3-
benzodioxol-6-yl)-5,6,7,8-tetrahydro-6,6-dimethyl-1,3-dioxolo[4,5-g]isoquinolinium
iodide) to elicit epileptiform activity (Albertson et al., 2013; Igelstrom et al., 2011; Torres-
Escalante et al., 2004; Walker et al., 2012), and the AMPA/kainite Rs competitive blocker
CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione) to increase GABA-mediated synaptic
transmission (Brickley et al., 2001) were obtained from TOCRIS Bioscience (USA) and
Sigma-Aldrich (USA). The GABAx blocker, Bicuculline, was applied at 10 and 20 pM
dissolved in mACSF. In most experiments, we also applied CNQX at 10uM. Bicuculline,
CNQX and CGP 52432 were prepared at 10 mM from stocks in H,O and dissolved in
ACSF for the final concentration to apply them. Nevertheless, Bicuculline was applied at
20 uM in some experiments. In addition, CGP 55845 was used at 5 uM from stock in
DMSO and dissolved in ACSF to apply it at the final concentration; and CGP 52432 was
used from 10puM stock in DMSO and dissolved in ACSF to apply it at the final

concentration too (Martin et al., 2009).

77



6.9. Local application of GABA

Currents were evoked by the direct application of GABA to the recorded neuron
using patch pipettes filled with 1 mM GABA dissolved in mACSF. The GABA was
released by pressure pulses 5-10 psi applied with a Picospritzer (General Valve Corp.
USA). Moreover, we prove the effect of GABA local application with 100pM and 10 mM
of GABA to see the responses at different concentrations. The pipette used to apply GABA
was placed at 200 um of the recording electrode (Figure 8.12). First, we did some
recordings using pipettes filled with mACSF in order to prove that there was no
mechanical effect of the direct application pressure solution. Next, we added to the
mACSF 10 uM CNQX (a competitive AMPA/kainate receptor antagonist) in order to
block possible response due to glutamate receptors and isolate the currents carried by
GABA Rs (GABAARs and GABA3Rs). Then, we recorded currents evoked by GABA in
different conditions as it is explained in results section. To sum up, we tested the currents
evoked in several conditions: (1) mACSF + 10 pM CNQX (Figure 8.12A) blocking the
effect of Glutamate; (2) mACSF + 10 uM CNQX + 10 uM CGP52432 blocking GABAsRs
and isolating GABA, currents; and (3) mACSF + 10 uM CNQX + 20 uM Bicuculline

blocking GABA, receptors and isolating GABA§ currents.
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6.10. Statistics

Data are presented as values from individual cells and/or giving the mean *
standard deviation (s.d.) if it is not indicated other statistical parameter. On the one hand,
comparisons between two samples were made with parametric test (t-test) or non-
parametric tests (two-tailed Mann-Whitney rank sum test for independent samples and
two-tailed Wilcoxon signed rank test for paired samples). On the other hand,
comparisons among more than two samples (data on latencies shown in Figure 7.9) were
made with the non-parametric Kruskal-Wallis one-way ANOVA on ranks (which is
independent of the distribution samples); moreover, if the ANOVA gave significant
differences among groups (p-value<0.05), a post-hoc Dunn’s multiple comparison test
was used to compare across all pairs of samples. These statistical analyses were performed
on OriginPro8 (Origin Lab Corporation) or SigmaStat 3.11 (Systat Software Inc). The
degree of statistical significance is given in each figure and a p-value < 0.05 was considered

significant.
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7. RESULTS

7.1. Layer 2/3 pyramidal neurons of the mouse retrosplenial

granular cortex and their innervation by cortico-cortical axons.

The work of this Doctoral Thesis was a continuation of the research lines followed
in the laboratory of Dr. Salvador Martinez and Dr. Emilio Geijo. A large part of the results

of my Doctoral Thesis was published last year:

- Robles, R. M., Dominguez-Sala, E., Martinez, S., & Geijo-Barrientos, E. (2020).
Layer 2/3 pyramidal neurons of the mouse granular retrosplenial cortex and
their innervation by cortico-cortical axons. Frontiers in Neural Circuits,

3(November), 1-15. https://doi.org/10.3389/fncir.2020.576504

I am the first author and, in addition to the Director and Co-Director of the
Thesis (S. Martinez and E. Geijo), there is also as an author Dr Dominguez-Sala, a
former graduate student of the lab who participated in some of the experiments shown
in the Figure 4 of the paper. They all agree to use it in my thesis. I performed all the

experiments of the article under the supervision of Emilio Geijo and Salvador Martinez.
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Layer 2/3 Pyramidal Neurons

of the Mouse Granular Retrosplenial
Cortex and Their Innervation by
Cortico-Cortical Axons

Rita M. Robles’, Eduardo Dominguez-Sala’, Salvador Martinez "2
and Emilio Geijo-Barrientos*

'Instituto de Neurociencias, Universidad Miguel Hernandez— CSIC, Campus de San Juan, Alicante, Spain, ?CIBERSAM
(Centro de Investigacion Biomédica En Red en Salud Mental), Madrid, Spain

The retrosplenial cortex forms part of the cingulate cortex and is involved in memory
and navigation. It is ventral region, the granular retrosplenial cortex, or GRSC is
characterized by the presence, of small pyramidal neurons with a distinctive late-spiking
(LS) firing pattern in layer 2/3. Using in vitro brain slices of the mouse GRSC we have
studied the electrophysiological properties and synaptic responses of these LS neurons,
comparing them with neighboring non-LS pyramidal neurons. LS and non-LS neurons
showed different responses during cortical propagation of epileptiform discharges. All
non-LS neurons generated large supra-threshold excitatory responses that generated
bursts of action potentials. Contrastingly, the LS neurons showed small, and invariably
subthreshold excitatory synaptic potentials. Although both types of pyramidal neurons
were readily intermingled in the GRSC, we observed differences in their innervation
by cortico-cortical axons. The application of glutamate to activate cortical neurons
evoked synaptic responses in LS neurons only when applied at less than 250 um,
while in non-LS neurons we found synaptic responses when glutamate was applied
at larger distances. Analysis of the synaptic responses evoked by long-range cortico-
cortical axons (with the origin at 1200 wm from the recorded neurons or in the
contralateral hemisphere) confirmed that non-LS neurons were strongly innervated
by these axons, while they evoked only small responses or no response at all in
the LS neurons (contralateral stimulation, non-LS: 194.0 £ 196.63 pA, n = 22; LS:
51.91 £ 35.26 pA, n = 10; p = 0.004). The excitatory/inhibitory balance was similar
in both types of pyramidal neurons, but the latency of the EPSCs evoked by long-range
cortico-cortical axons was longer in LS neurons (contralateral stimulation non-LS:
813 £ 128 ms, n = 17; LS: 10.76 £ 1.58 ms, n = 7; p = 0.004) suggesting
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a disynaptic mechanism. Our findings highlight the differential cortico-cortical axonal
innervation of LS and non-LS pyramidal neurons, and that the two types of neurons
are incorporated in different cortico-cortical neuronal circuits. This strongly suggests that
the functional organization of the dorsal part of the GRSC is based on independent
cortico-cortical circuits (among other elements).

Keywords: late-spiking neurons, callosal axons, cortico-cortical axons, excitatory/inhibitory balance, neocortex,
cortical circuits, synaptic mechanisms, retrosplenial cortex (RSC)

INTRODUCTION

The retrosplenial cortex (RSC) is the most caudal part of the
cingulate cortex. The RSC is interconnected with areas of the
brain (the hippocampal formation or anterior thalamic nucleus)
that are important for memory formation, and a network of
dorsal-medial cortical areas involved in spatial memory (Vann
etal., 2009). In humans, the RSC plays a role in several cognitive
functions, such as memory (Aggleton, 2014), spatial navigation
(Epstein, 2008), orientation (Vann et al., 2009), and planning
(Miller et al., 2014). In rodents, it comprises the entire posterior
cingulate cortex (Vogt and Peters, 1982) and lesion studies
have shown it is involved in spatial memory tasks (Sutherland
et al, 1988), allocentric working memory tasks (Vann and
Aggleton, 2002, 2004), and navigation (Cooper and Mizumori,
1999; Whishaw et al., 2001). The rodent RSC includes several
cytoarchitectonic areas; according to Vogt et al. (2004) and
Vogt (2014), these are 29a-c and 30. Areas 29a-c are located
ventrally and correspond to the granular RSC (GRSC), while
area 30 (or area 29d according to Vogt and Peters, 1982;
see Sugar et al, 2011 for a review of the nomenclature of
RSC cytoarchitectonic areas) is dorsal and corresponds to the
dysgranular (or agranular) RSC.

Although we lack a detailed understanding of the
contributions of each RSC sub-area, some authors have
proposed that area 30 (dysgranular RSC) is important for the
processing of visual information involved in allocentric spatial
working memory (Vann and Aggleton, 2005), and area 29c¢ (part
of the GRSC) alone may contribute to spatial working memory
processing (van Groen et al., 2004). These functional differences
between dysgranular RSC and GRSC are presumably related
to different connections with other cortical and subcortical
areas such as the frontal, anterior cingulate, visual, and retro-
hippocampal cortices, and the anterior thalamic nucleus (van
Groen and Wyss, 1990, 1992, 2003; Shibata, 1998, 2000; Van
Groen et al., 1993; Shibata and Naito, 2008). In addition to these
extrinsic connections, distinct areas within the RSC also have
complex interconnections (van Groen and Wyss, 1992; Van
Groen et al., 1993; Jones et al., 2005; Shibata et al., 2009).

A distinctive feature of the rodent GRSC is the presence
of an accentuated superficial layer 2/3, which is mainly
formed by small pyramidal neurons with densely packed
somata (Sripanidkulchai and Wyss, 1987; Ichinohe et al,
2008). These are callosal projection neurons, and in rats, their
apical dendrites form noticeable bundles within layer 1 that
are co-localized with patchy terminations of thalamocortical
axons, mostly originated in the anterior thalamic nucleus,

and with dendrites of parvalbumin-expressing interneurons
(Sripanidkulchai and Wyss, 1986; van Groen and Wyss, 1990,
2003; reviewed in Ichinohe, 2012). A particularly remarkable
feature of these neurons, described in the rat GRSC, is their
late-spiking firing pattern, which is due to the presence of
delayed rectifier and A-type potassium channels such as Kv1.1,
Kvl.4, and Kv4.3 (Kurotani et al, 2013). This firing pattern
could permit the integration of synaptic inputs with different
timing, which is consistent with the GRSC’s suspected role in
memory-related functions (Kurotani et al., 2013). Interestingly,
the presence of late-spiking pyramidal neurons has been
described in other brain areas related to the RSC such as
the presubiculum (Abbasi and Kumar, 2013), the entorhinal
cortex (Alonso and Klink, 1993), and the perirhinal cortex
(Faulkner and Brown, 1999).

However, despite a large amount of information on the
GRSC’s connectivity, very little is known about the role
of GRSC late-spiking pyramidal neurons in the function of
local and long-range cortical circuits. We have studied the
electrophysiology and synaptic responses of mouse GRSC
late-spiking pyramidal neurons and compared the results to
those obtained in the neighboring, regular spiking pyramidal
neurons, which are similar to those found in the dysgranular RSC
layer 2/3 (Sempere-Ferrandez et al., 2018). Our results show that
cortico-cortical axons originated in relatively distant areas (the
contralateral homotopic cortex and ipsilateral dysgranular RSC)
do not make direct excitatory contacts with late-spiking neurons,
which only receive weak disynaptic responses of local origin
(<250 pm from the soma). However, nearby pyramidal neurons
that did not present a late spiking-firing received large synaptic
contacts from both local and long-range cortico-cortical axons.

MATERIALS AND METHODS

Animals and Ethical Approval

All experiments, except those recording epileptiform discharges,
were done in GAD67:GFP mice; these animals are of the
C57BL6 strain, present heterozygous GFP expression under the
GADG67 promoter, and are usually referred to as GAD67:GFP
(Tamamaki et al., 2003). By contrast, epileptiform discharges
were recorded in C57BL6 mice. Mice were maintained, handled,
and sacrificed following national and international laws and
policies (Spanish Directive “Real Decreto 1201/2005”; European
Community Council Directive 86/609/EEC). The experimental
protocols were approved by the Experimental Research Ethics
Committee of the Universidad Miguel Hernandez.
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Slice Preparation

Brain slices of neocortex were prepared from male mice with
postnatal age of 14-22 days. Animals were killed by cervical
dislocation and their brains were quickly excised and submerged
in ice-cold low Ca* / high Mg?" cutting solution (composition
in mM: NaCl 124, KCl 2.5, NaHCO3 26, CaCl, 0.5, MgCl, 2,
NaH,PO, 1.25, glucose 10; pH 7.4 when saturated with 95%
O3 + 5% CO,). Coronal slices (350 pm thick) were cut using
a vibratome (Leica VT-1000; Germany), transferred to a glass
beaker and submerged in artificial cerebrospinal fluid (ACSF;
composition in mM: NaCl 124, KCl 2.5, NaHCO; 26, CaCl,
2, MgCl, 1, NaH,PO4 1.25, glucose 10; pH 7.4 when saturated
with 95% O, + 5% CO,) at 34°C for 30 min. The slices were
stored submerged in ACSF for at least 1 h at room temperature
before recordings were made. Slices were individually transferred
to a submersion-type recording chamber and kept at 32-34°C
during the recording period. The ACSF used to bath the slices
was fed into the recording chamber at a rate of 2-3 ml-min~!
and was continuously bubbled with a gas mixture of 95% O, +
5% CO,.

Intracellular Recordings

We performed somatic whole-cell recordings from neurons
whose somata were located in the dorsal part of layer 2/3 of
the GRSC (—2.30 to —1.70 from Bregma). Pyramidal neurons
were identified by their shape and confirmed by intracellular
staining with Alexa Fluor 594 and the absence of GFP expression
(in slices from GAD67:GFP mice). These neurons showed a
characteristic pyramidal soma and a dominant apical spiny
dendrite oriented to layer 1, while basal dendritic arbors were
tangentially oriented.

Recordings were made under visual control using an upright
microscope (Olympus BX50WI) equipped with Nomarski optics
and a 40x water immersion lens. Measurements were obtained
in current-clamp and/or voltage-clamp mode with a patch-
clamp amplifier (Multiclamp 700B, Molecular Devices, San
Jose, CA, USA). No correction was made for the pipette
junction potential (which was estimated to be about —10 mV
using the junction potential calculator included with the
pClamp software). Voltage and current signals were filtered
at 4 kHz and digitized at 20 kHz with a 16-bit resolution
analog to digital converter (Digidata 1440A, Molecular Devices,
San Jose, CA, USA). Clampex 10.3 software (part of the
pClamp package; Molecular Devices, San Jose, CA, USA) was
used to control stimulus generation and signal acquisition
and analysis.

Patch pipettes made from borosilicate glass (1.5 mm o.d.,
0.86 mm i.d., with inner filament) were used for intracellular
recording; they had a resistance of 4-7 MQ when filled with
intracellular solution (composition in mM: K-gluconate 130, KCI
5, NaCl 5, EGTA 5, HEPES 10, Mg-ATP 2, Na-GTP 0.2, Alexa
Fluor 594 0.01; pH 7.2 adjusted with KOH; 285-295 mOsm).
The theoretical Nernst equilibrium potentials (in mV) for this
K-based internal solution were: Ex = —105.7, En, = 89.3,
Ecy = —68.5.

Current clamp recordings were performed at —70 mV and
the neurons’ spontaneous resting membrane potential. Series

resistance (Rs) was measured and balanced on-line under
visual inspection assisted by the Clampex software bridge
balance tool. Ry was monitored at the beginning and end of
each protocol and re-balanced if needed. Cells in which R
was >40 MQ were discarded (R, was typically <25 MSQ). For
voltage-clamp experiments, EPSCs (excitatory synaptic currents)
and IPSCs (inhibitory synaptic currents) were recorded at
holding potentials of —70 and 0 mV, respectively, values
which are close to their respective reversal potentials. To hold
the membrane at a specific membrane potential, the error
in the membrane potential (V.) measurement was estimated
from Ve = Ipoa * Rs, where I is the holding current
needed to set the holding potential. The holding potential
was then corrected by adding the calculated V. and holding
the membrane to the desired Vyqq (holding potential) while
taking into account the error due to R;. Intrinsic membrane
properties and synaptic responses were quantified using
Clampfit 10.3.

Electrical Stimulation

Electrical stimuli were applied using a concentric bipolar
electrode (CBAFC75 outer diameter 125 pwm, Frederick Haer
and Co., Bowdoin, ME, USA) placed as indicated in the
“Results” section. Concerning contralateral stimulation, we
assessed the integrity of the callosal projection through
extracellular recordings before the intracellular experiments
(Sempere-Ferrandez et al, 2018). We used Single square
current pulses of 0.1 ms and supra-maximal stimulus intensities
applied at 0.2 Hz to evoke synaptic responses in the recorded
neurons. To determine the supra-maximal strength, we first
detected the stimulus strength evoking the maximal response
by progressively increasing the stimulus; this strength was
increased by 10% to establish the supra-maximal value.
The range was 100-500 pA, but in most slices, it was
400-500 mA.

Glutamate Application

Synaptic currents were evoked by the direct application of
glutamate (1 mM glutamate dissolved in ACSF) using patch
pipettes. The tip of the pipette was placed at several different
distances from the soma of the recorded pyramidal neuron and
glutamate was released by 20 ms pressure pulses of 5-10 psi
applied with a Picospritzer (General Valve Corp. Fairfield, NJ,
USA). Pressure pulses were applied at 20 s intervals.

Intracellular Staining With Biocytin

Some neurons were labeled with biocytin using the method
described by Marx et al. (2012). Briefly, biocytin was added
to the intracellular solution to give a final concentration of
5 mg/ml. Slices containing stained neurons were fixed overnight
at 4°C in 100 mM phosphate-buffered saline (PBS; pH 7.4)
with 4% paraformaldehyde. They were rinsed several times
in PBS containing 1% Triton X-100 and the endogenous
peroxidase was blocked by incubation in 30% H,O,. The slices
were then transferred to a complex of 1% avidin-biotinylated
HRP with 0.5% Triton X-100 (ABC Peroxidase Standard
PK-400 Vectastain; Vector Labs, Burlingame, CA, USA) and
left for 1 h with gentle shaking. They were reacted using
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FIGURE 1 | Different firing patterns of layer 2/3 pyramidal neurons recorded in the granular retrosplenial cortex (GRSC). (A) Coronal view of the mouse GRSC
highlighting the recording area. The dotted red line shows the approximate limit between the GRSC and the dysgranular RSC; this limit has been set according to
Vogt and Paxinos (2014). The inset shows the mid-sagittal mouse brain with the approximate level of the coronal slices used for recordings (black dotted line;
drawing taken from https://portal.brain-map.org/, reference atlas version 1, 2008; available online at: http://connectivity.brain-map.org/; 2014 Allen Institute for Brain
Science). (B) Responses to hyperpolarizing and depolarizing current pulses of two pyramidal neurons recorded in layer 2/3 of the GRSC. The left panel (black traces)
shows the regular spiking firing found in some neurons; the right panel (red traces) shows the late spiking firing pattern. Insets: two superimposed action potentials
shown on larger time scales. The black arrow in the right panel shows the slow subthreshold depolarization that characterized the late-spiking (LS) firing pattern.
Scale bars on the right also apply to the left panel. (C) I/V relationship of non-LS (black symbols; n = 5-16) and LS pyramidal neurons (red symbols; n = 9-20). (D)
firing frequency vs. injected current measured in non-LS (black symbols; n = 5-16) and LS pyramidal neurons (red symbols; n = 5-16). The firing was evoked by
square depolarizing current pulses as shown in panel B; the firing frequency was averaged throughout the firing in both LS and non-LS neurons. (E) Neurolucida

3,3-diaminobenzidine (DAB; Sigma) and the reaction stopped
by adding 30% H,O,. Finally, the slices were mounted on glass
slides, embedded in glycerol jelly, and coverslipped. Biocytin-
stained neurons were drawn using Neurolucida software (MBF
Bioscience, Williston, VT, USA).

Evoking and Recording Epileptiform

Discharges

The slices were bathed in a modified ACSF (composition in mM:
NaCl 124, KCl 5, PO4H2Na 1.25, MgClz 1, CaClz 1.2, NaCO;H
26, glucose 10; pH 7.4 when saturated with 95% O, and 5% CO,).
In modified ACSF and in the presence of 10 M bicuculline (a
GABA, receptor antagonist) the stimulation of layer 1 evokes
large oscillatory discharges, which were recorded extracellularly
with patch pipettes filled with modified ACSF (Rovira and Geijo-
Barrientos, 2016). Modified ACSF and bicuculline were used
only in the experiments of propagation of epileptiform activity

reported in Figure 4. In all other experiments, standard ACSF
described above in the paragraph “slice preparation” was used.

Statistics

Data are shown as values from individual neurons and/or giving
the mean = standard deviation (s.d.). Comparisons between two
samples were made with non-parametric tests: the two-tailed
Mann-Whitney rank-sum test for independent samples and
the two-tailed Wilcoxon signed-rank test for paired samples.
Comparisons of more than two samples (data on latencies
shown in Figure 9) were made with the non-parametric Kruskal-
Wallis one-way ANOVA on ranks which is independent of the
samples’ distribution). If the ANOVA gave significant differences
among groups (p-value < 0.05), a post hoc Dunn’s multiple
comparison test was used to compare across all pairs of samples.
Statistical analyses were performed using OriginPro8 (Origin Lab
Corporation) or Sigma Stat 3.11 (Systat Software Inc). The degree
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FIGURE 2 | Examples of late-spiking (LS) and non-LS pyramidal neurons. (A) Examples of the responses to hyperpolarizing and depolarizing current pulses of three
LS (upper panels, red traces) and three non-LS pyramidal neurons (lower panels, black traces). Note the clear subthreshold slow depolarization in LS neurons, which
is absent in the non-LS neurons. The hyperpolarizing pulse was of the same magnitude in all neurons (—80 pA) to illustrate the difference in input resistance (IR)
between both types of neurons. The depolarizing current pulse was +40 pA in LS neurons (threshold pulse strength) and +80 / +100 pA in the non-LS neurons
(minimum pulse strength necessary to evoke tonic discharge). The dotted line marks the 0 mV level. The scale bars apply to all panels. (B) The relationship between
the input membrane resistance and time to 13! spike in LS (red symbols) and non-LS neurons (black symbols). The input resistance (Ry) was measured from the
responses to small hyperpolarizing current pulses, and the time to 1 spike was measured between the onset of the depolarizing current pulse and the peak of the

first spike fired by a depolarizing current pulse of strength corresponding to the rheobase.

of statistical significance is given in each figure and significance
was set as p < 0.05.

RESULTS

Presence of Pyramidal Neurons With a
Late-Spiking Firing Pattern in the Layer
2/3 of the Mouse GRSC

All data were obtained from somatic whole-cell recordings
made in pyramidal neurons whose somata were located in the
most dorsal part of layer 2/3 of the GRSC (Figure 1A). We
found that this cortical region had two types of pyramidal
neurons, each with different electrophysiological properties and
easily discernible from their responses to hyperpolarizing and
depolarizing current pulses (Figure 1B). To characterize the
electrophysiological properties of these neurons we made an
initial set of experiments using protocols with different series
of hyper- and depolarizing current pulses. Some pyramidal
neurons (Figure 1B, left panel) showed a regular spiking pattern,
similar to that described for layer 2/3 pyramidal neurons
of the dysgranular RSC (Sempere-Ferrandez et al., 2018).
However, other pyramidal neurons showed, in response to long
depolarizing current pulses, a pronounced slow depolarizing
ramp that led to the threshold and delayed spike firing

(Figure 1B, right panel); this firing pattern was similar to the
late spiking firing (LS) pattern described in the GRSC of the rat
(Kurotani et al., 2013). This slow depolarization ramp causing
the late spiking was quantified measuring the time from the start
of the depolarizing current pulse to the peak of the first spike in
response to a current pulse of a strength corresponding to the
rheobase (time to 1% spike). In pyramidal neurons showing this
depolarization ramp the time to 1% spike was always longer than
90 ms, and were classified as Late Spiking pyramidal neurons
(LS neurons). The remaining neurons were classified as non-LS
pyramidal neurons, and their time to 1%* spike was always shorter
than 60 ms. According to our sample of pyramidal neurons,
approximately 60% in the dorsal area of layer 2/3 of the GRSC
were LS and 40% were non-LS, with the two types of neurons
found to be readily intermingled. The LS neurons had a steeper
I/V relationship (Figure 1C) than the non-LS neurons and fired
at higher frequencies, revealing a non-saturating firing frequency
vs. injected current relationship (Figure 1D). In response to
suprathreshold current pulses, LS and non-LS neurons showed
tonic firing, but with different degree of frequency adaptation.
Frequency adaptation was measured as the quotient between
the first and the last inter-spike interval in a current pulse of
rheobase +40 pA; in LS neurons this quotient was close to 1 (no
frequency adaptation), while in non-LS neurons was less than 1
(LS:0.91 £ 0.26, n = 21; non-LS: 0.42 £ 0.18, n = 14; p < 0.001).
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In response to hyperpolarizing current pulses, non-LS neurons
showed a clear voltage sag, which was smaller in LS neurons;
this voltage sag was measured as the voltage difference between
the initial hyperpolarization and the steady-state value at the end
of a current pulse of —40 pA (LS neurons: 0.92 £+ 0.80 mV,
n = 21; non-LS neurons 4.16 + 3.49 mV, n = 13; p = 0.002).
LS neurons also had smaller somata when viewed in living
slices under DIC optics (LS: 173 £ 56.59 um? n = 12, non-LS:
474.02 £ 119.86 pm?, n = 12; p < 0.001). A sample of neurons
was stained intracellularly with biocytin (Figure 1E). Figure 2A
shows several examples of LS and non-LS neurons to illustrate the
firing pattern of LS and non-LS neurons. In addition to a shorter
time to 1% spike, LS neurons had a higher membrane input
resistance (Figure 2B. Time to 1% spike: LS 252.22 &+ 139.84 ms,
n =90, non-LS: 32.36 &= 14.94 ms n = 61; p < 0.001; membrane
input resistance: LS 310.72 + 157.20 MQ n = 90, non-LS
148.58 £ 81.39 MQ n = 61, p < 0.001). Figure 2B also shows
that values of the time to 1% spike in LS and non-LS neurons
did not overlap. The electrophysiological properties of these two
types of pyramidal neurons are given in Figure 3. Several of
these electrophysiological parameters were similar in both types
of neurons (resting membrane potential: LS —69.22 &+ 2.76 mV,
n = 90, non-LS —69.29 £ 2.89 mV, n = 61; membrane time

constant: LS 12.91 &£ 7.33 ms n = 90, non-LS 12.48 £ 7.56 ms
n = 61; action potential peak amplitude: LS 80.52 & 14.30 mV
n = 90, non-LS 83.56 & 12.40 n = 61), but others showed
differences between LS and non-LS neurons (threshold for spike
firing: LS —41.02 £ 6.77 mV n = 90, non-LS —44.62 & 8.10 mV
n = 61, p = 0.004; action potential duration: LS 0.68 £ 0.20 ms
n=90,n0on-LS 0.85 £ 0.28 ms n =61, p < 0.001; AHP amplitude:
LS —15.12 £3.59 mV n = 24, non-LS —11.92 + 3.49 mV n = 16,
p < 0.011; AHP duration: LS 42.28 £ 14.69 ms n = 22, non-LS
67.66 & 34.64 ms n = 12, p < 0.015). Not all parameters could
be measured reliably in each neuron. The higher input resistance
of LS neurons together with a similar membrane time constant
suggests that the LS neurons had a lower membrane capacitance,
which is consistent with a smaller size.

LS and Non-LS Pyramidal Neurons Behave
Differently During the Propagation of
Epileptiform Discharges

LS and non-LS pyramidal neurons were readily intermingled in
the dorsal part of the GRSC; however, despite their proximity,
they responded very differently during the propagation of
epileptiform discharges along with the RSC (Figure 4).

Frontiers in Neural Circuits | www.frontiersin.org

November 2020 | Volume 14 | Article 576504


https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

Robles et al.

Pyramidal Neurons of Retrosplenial Cortex

stim

rec (intra)

MW
lo.2mv

50 ms

FIGURE 4 | LS and non-LS pyramidal neurons respond differently to incoming epileptiform discharges. (A) The diagram of a coronal GRSC slice showing the
positions of recording and stimulating electrodes. The extracellular recording electrode (blue electrode) was kept in the same position while successive neurons were
recorded intracellularly (gray electrode); electrical stimuli were applied to the contralateral side (“stim”). (B) Responses of a non-LS (black traces) and an LS pyramidal
neuron (red traces) during the propagation of epileptiform discharges (blue trace: extracellular recordings) evoked by contralateral stimulation. Both neurons were
recorded sequentially and their somata were placed close together. Each panel features five consecutive superimposed traces. The extracellular recording was the
average of five consecutive responses. (C) The initial section of the responses shown in panel B presented on larger time and voltage scales; note the delayed onset
and smaller amplitude of the response recorded in the LS neuron (red traces). (D) The peak amplitude of the EPSPs recorded during the propagation of epileptiform
discharges: LS neurons, red symbols; non-LS neurons, black symbols. When the response was supra-threshold, we assigned an amplitude of >20 mV.
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Epileptiform discharges were evoked by stimulation of layer
1 in the presence of a GABA, blocker (bicuculline 10 wM)
and a modified ACSF (see “Materials and Methods” section).
Under these conditions, large epileptiform discharges are known
to propagate from the stimulation point to the ipsilateral layer
2/3 and, through the corpus callosum, to the contralateral
cortex (Rovira and Geijo-Barrientos, 2016). All non-LS neurons
recorded during the propagation of epileptiform discharges
showed large depolarizations which always reached the threshold
and provoked action potential burst firing (Figures 4B,C); in
fact, the discharges recorded extracellularly were caused by the
firing of non-LS neurons. Contrastingly, all recorded LS neurons
presented only small, and always subthreshold, polysynaptic
EPSPs (peak amplitude: 6.8 &= 2.94 mV, n = 10; Figure 4D).
These synaptic responses often appeared delayed concerning
the responses in non-LS neurons (Figures 4B,C). We do not
know the circuit mechanisms responsible for the generation
of the synaptic responses recorded during the propagation of
epileptiform discharges, but the different responsiveness during
this type of activity suggests that LS and non-LS pyramidal
neurons form part of different neuronal circuits within layer

2/3, although they are located in very close to each other within
the dorsal part of layer 2/3. These data suggest that propagating
epileptiform seizures were only supported by non-LS neurons
and that LS neurons were not involved in this kind of activity.

Long-Range Cortico-Cortical Axons
Mostly Innervate Non-LS Pyramidal

Neurons

One explanation of the different responses from LS and non-LS
neurons during the propagation of epileptiform discharges
is that they receive different afferent innervation. To test
this possibility, we studied the synaptic currents evoked by
stimulating long-range cortico-cortical axons. These axons were
stimulated by applying electrical stimuli to two different sites:
the ipsilateral layer 2/3 at 1.2 mm from the recording area
and the homotopic contralateral layer 2/3 (Figure 5); the
ipsilateral stimulation site was located in the dysgranular RSC.
In response to ipsilateral layer 2/3 supra-maximal stimulation
(Figures 5B,C), non-LS neurons generated large EPSCs, while
LS neurons did not respond or generated only small EPSCs
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FIGURE 5 | Synaptic currents evoked by electrical stimulation in LS and non-LS pyramidal neurons. (A) The diagram of a coronal slice from the GRSC showing the
positions of recording and stimulation electrodes for ipsilateral and contralateral stimulation (“stim ipsi” and “stim contra”, respectively). (B) Examples of EPSCs
recorded in response to ipsilateral electrical stimuli applied at 1.2 mm from the recorded neuron in one non-LS neuron (black traces) and two LS neurons (red traces).
Each panel comprises four consecutive superimposed sweeps. (C) The peak amplitude, and (D) the latency of the EPSCs recorded in LS (red symbols; n = 20) and
non-LS pyramidal neurons (black symbols; n = 25). (E) The examples of EPSCs recorded in response to contralateral stimulation in one non-LS (black traces) and
one LS neuron (red traces). Each panel contains four consecutive superimposed sweeps. Note the longer latency of the response recorded in the LS neurons,
shown at a larger scale in the inset. (F) The peak amplitude, and (G) the latency of the EPSCs evoked by contralateral stimulation. The peak amplitude and latency of
the responses shown in panels (B,E) are highlighted by filled diamonds in panels (C,D) and (F,G), respectively.

(non-LS: 285.39 £ 198.53 pA, n = 25; LS: 27.35 + 24.66 pA,
n=20; p < 0.001). Similar results were observed after stimulation
of the contralateral cortex (Figures 5E,F): non-LS neurons
generated large EPSCs but LS neurons produced significantly
smaller EPSCs (non-LS: 194.0 £ 196.63 pA, n = 22; LS:
51.91 &+ 35.26 pA, n = 10; p = 0.004). The EPSCs recorded in the
LS neurons had longer average latencies than the non-LS neurons
in response to contralateral stimulation (Figure 5G; non-LS:
8.13 £ 1.23 ms, n = 17; LS: 10.76 £ 1.58 ms, n = 7; p = 0.004),
but not in response to ipsilateral stimulation (Figure 5D; non-
LS:3.50 & 1.70 ms, n = 16; LS: 4.15 & 2.29 ms, n = 16).

We also measured the rise and decay times of the
EPSCs evoked by contralateral stimulation. The rise time was
significantly shorter in LS neurons (1.45 & 0.45 ms, n = 12 vs.
327 £ 0.68 ms in non-LS neurons, n = 9; p < 0.001),
while the decay time (measured as the time constant for a
single exponential fit) was similar in both types of neurons
(5.58 & 2.15 ms in LS, n = 12 vs. 7.54 4+ 2.53 ms in non-LS
neurons, n = 9; p = 0.07). For the measurement of the EPSC time
course in non-LS neurons, we selected cells in which the synaptic

current did not show delayed di- or polysynaptic responses
to make possible the fitting of the decay phase to a single
exponential. In this sample of neurons, the peak amplitude was
smaller in LS compared to non-LS neurons (50.12 £ 41.72 pA,
n = 12; 218.11 + 186.53 pA, n = 9; p = 0.021). The different
magnitude of the synaptic responses correlated with the very
different probabilities of the firing action potentials in response
to ipsilateral or contralateral stimuli. Before going into the
voltage-clamp mode, we checked whether electrical stimuli were
able to evoke suprathreshold responses and action potential
firing in a sample of neurons. We found that ipsilateral stimuli
caused action potential to fire in 0 out of 30 (0%) LS and 12 out
of 15 (80%) non-LS neurons, whereas with contralateral stimuli,
action potentials fired in 0 out of 31 (0%) LS neurons and 5 out
of 43 (12%) non-LS neurons.

Our results suggest that LS neurons receive less excitatory
synaptic contacts that originated in long-range cortico-cortical
axons. For a more accurate estimate of the range over which LS
and non-LS neurons receive afferents, we studied the synaptic
responses evoked in both types of neurons by the local glutamate
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FIGURE 6 | Synaptic currents elicited by glutamate application in LS and non-LS pyramidal neurons. (A) The diagram of a GRSC coronal slice showing the
positions of the recording electrode (gray) and the pipette used to apply glutamate pressure puffs (green). (B) The synaptic currents elicited in four LS neurons (red
traces) and four non-LS neurons (black traces) by a puff of glutamate applied at 180 pm from the soma of the recorded neurons (arrow). (C) The percent of neurons
showing glutamate-evoked EPSCs (upper plot) and the average area of the EPSCs (lower plot) at different distances from the soma, where red symbols represent the
LS neurons (125 wm: n = 28, show EPSCs n = 24; 150 pm: n = 28, show EPSCs n = 18; 180 um: n = 28, show EPSCs n = 15; 210 wm: n = 10, show EPSCs n = 2;
240 wm: n =10, show EPSCs n = 1; 270 wm: n = 10, show EPSCs n = 1; 300 um: n = 10, show EPSCs n = 11), and black symbols the non-LS neurons (125 wm:
n = 26, show EPSCs n = 25; 150 pm: n = 24, show EPSCs n = 22; 180 wm: n = 24, show EPSCs n = 21; 210 wm: n = 11, show EPSCs n = 11; 240 pm: n = 11,
show EPSCs n = 11; 270 pm: n = 11, show EPSCs n = 11; 300 wm: n = 11, show EPSCs n = 11); **p < 0.01. At < 100 wm or shorter glutamate evoked large
currents due to its direct effect on the recorded neurons’ somata. The area of the synaptic responses was measured by the integration of the current trace over time
(1 s) from the baseline [horizontal dotted lines in panel (B)]; the baseline was calculated from the current average of the 200 ms previous to the glutamate application.

application. Glutamate was applied using pressure puffs by
placing the tip of patch electrodes at different distances from
the recorded neurons. This approach allowed us to activate
neurons close to the tip of the glutamate pipette and therefore
determine the maximum distance from which both types of
neurons received excitatory axons, as shown in Figure 6. For each
recorded neuron we explored the synaptic responses evoked by
applying glutamate on layer 2/3 at 100-300 pwm from the soma
of the recorded neuron. Synaptic responses were recorded within
this range in 88-100% of non-LS neurons; however, they were
mostly recorded when glutamate was applied at distances of less
than 200 pm in LS neurons (54-86% of the LS neurons). The
number of LS neurons that responded to glutamate decreased
drastically when glutamate was applied at distances of more
than 200 pm (20% to 10% of the LS neurons). These data
showed that the LS neurons were innervated by axons originated
in nearby layer 2/3 neurons (within 250 wm); in contrast,

non-LS neurons receive axons from layer 2/3 neurons located
turther away.

The above data were recorded and pooled from neurons
individually recorded in different slices. Given that the
stimulating electrode was not always placed in the same position
in different slices and the efficacy of the electrical stimuli
varied, the pooling of data from different slices introduced a
variability factor that could affect the results, including the
differences in the latencies of the evoked responses (Figure 5E).
Also, in some neurons of this set of experiments the latency
could not be measured reliably. To confirm our results and
eliminate any variability introduced by differences in the stimuli
among slices, we conducted a series of experiments based on
the simultaneous recording of pairs of neurons. The position
of the stimulating electrode and the stimulus strengths were
exactly the same for both neurons in each pair of recorded
neurons. The distance between the somata of simultaneously
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FIGURE 7 | Synaptic responses to ipsilateral stimulation of simultaneously recorded pairs of layer 2/3 pyramidal neurons. (A) The diagram of a coronal slice of the
GRSC showing the positions of the stimulus and recording electrodes. (B) Examples of synaptic responses recorded in two neuron pairs, each formed with one LS
(red traces) and one non-LS neuron (black traces); in the upper pair, the LS neuron did not respond and in the lower pair, the LS showed a small EPSC. Each panel
comprises five consecutive superimposed responses. (C) Peak amplitude (upper panels) and onset latency (lower panels) of the synaptic responses recorded in
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recorded neuron pairs was 109.23 £ 81.08 pm (range 20-320
pm; n = 78). All recorded neuron pairs were checked for
synaptic connection between the neurons forming the pair. In
a total of 78 pairs recorded (28 formed by LS—LS neurons,
27 by LS—non-LS neurons, and 23 by non-LS—non-LS neurons)
we detected only six cases of synaptic connections; five were
from LS to non-LS and one was from non-LS to non-LS (this
latter connection was only unidirectional). In response to either
long-range ipsilateral stimulation (Figure 7) or contralateral
stimulation (Figure 8), we found that LS neurons received
excitatory inputs of significantly smaller amplitudes when
comparing neurons from pairs formed by a non-LS and an LS
neuron (ipsilateral stimulation: non-LS, 325.02 £ 406.88 pA;
LS, 49.26 + 75.28 pA; n = 11 pairs; p = 0.006. Contralateral
stimulation: non-LS, 215.05 &£ 245.63 pA; LS, 28.68 £ 44.81 pA;
n = 15 pairs; p = 0.002). In homogeneous pairs, there were
no differences in the EPSC peak amplitude of both neurons
in response to ipsilateral or contralateral stimuli (Ipsilateral
stimuli: LS/LS pairs 4.52 £+ 14.29 pA vs. 16.74 £ 52.93 pA,
n = 10 pairs; non-LS/non-LS pairs: 178.44 £ 121.74 pA vs.
273.87 + 316.37 pA, n =9 pairs. Contralateral stimulation: LS/LS
pairs 26.04 4= 30.20 pA vs. 26.64 & 40.49 pA, n = 18 pairs; non-

LS/non-LS pairs: 205.16 & 2,012.07 pA vs. 195.66 £ 216.15 pA,
n = 14 pairs). The EPSCs recorded in response to contralateral
stimulation had longer latencies in LS neurons (Figure 8C) when
comparing the latencies in LS/non-LS pairs (LS: 10.25 & 1.18 ms;
non-LS: 8.09 + 1.14 ms n = 6 pairs; p = 0.034); however,
the EPSCs recorded in response to ipsilateral stimulation in LS
neurons also had, on average, longer latencies, but the difference
was not statistically significant (Figure 7C; LS: 4.27 & 2.45 ms,
non-LS: 3.2 3 4+ 1.21 ms, n = 11 pairs). In LS/LS and non-LS/non-
LS pairs, there were no differences between the latencies of the
neurons forming a pair, either in response to ipsilateral (LS/LS
pairs: 2.75 £+ 1.27 ms vs. 5.51 & 4.58 ms, n = 3 pairs; non-
LS/non-LS pairs: 3.29 £ 2.06 ms vs. 3.32 & 1.39 ms, n = 9 pairs)
or contralateral stimulation (LS/LS pairs: 9.21 £ 2.48 ms vs.
10.79 = 1.90 ms, n = 5 pairs; non-LS/non-LS pairs: 7.35 £ 1.08 ms
vs. 7.45 £ 1.02 ms, n = 6 pairs).

Excitatory/Inhibitory Balance Was Similar
in LS and Non-LS Pyramidal Neurons
Another mechanism that could contribute to the different size
of the synaptic currents is a smaller excitatory/inhibitory balance
(E/I balance) in LS compared to non-LS neurons. Neuronal
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FIGURE 8 | Synaptic responses to contralateral stimulation of simultaneously recorded pairs of layer 2/3 pyramidal neurons. (A) The diagram of a coronal slice of
the GRSC showing the positions of the stimulus and recording electrodes. (B) Examples of synaptic responses recorded in two neuron pairs, each formed with one
LS (red traces) and one non-LS neuron (black traces); in the upper pair, the LS neuron did not respond and in the lower pair, the LS showed a small EPSC. The inset
shows the onset phase of the responses of the lower example plotted on a larger time scale to highlight the difference in the onset latencies. Each panel shows five
consecutive superimposed responses. (C) Peak amplitude (upper panels) and onset latency (lower panels) of the synaptic responses recorded in neuron pairs
formed by two LS neurons (left panels), one LS and one non-LS neuron (middle panels), and two non-LS neurons (right panels). Comparisons were made with the
signed-rank test for paired samples. The diamonds show the data from individual neurons and the triangles show the mean =+ s.d.

microcircuits in superficial cortical layers are characterized n = 25) and there was no difference in E/I balance between
by a powerful feed-forward inhibitory system arising from LS and non-LS neurons (Figure 9C). This result confirms that
parvalbumin-expressing fast-spiking GABAergic interneurons  differences in the E/I balance were not responsible for the
(Holmgren et al., 2003; Avermann et al, 2012). As in the different magnitudes observed in the synaptic responses evoked
dysgranular RSC (Sempere-Ferrandez et al.,, 2019), the activation by long-range axons in LS and non-LS neurons.

of afferent axons in layer 2/3 of the GRSC evoked a large .
feed-forward inhibitory component, in both LS and non-LS The Excitatory Responses to Contralateral

pyramidal neurons. The presence of this feed-forward inhibition Stimuli Recorded in LS Neurons Were

means the net action of afferent axons on the postsynaptic ~ Disynaptic

neurons depends on the balance between the direct excitatory ~ We measured the latencies of the EPSCs and IPSCs evoked
input and the feed-forward inhibition. In GRSC pyramidal by contralateral stimuli (Figures 9E,F; examples shown in
neurons the E/I balance was measured from the excitatory  Figures 9A,D). In LS neurons, EPSCs and IPSCs latencies were
and inhibitory conductance of the synaptic responses evoked  10.58 + 2.16 ms (n = 22) and 10.82 £+ 1.00 ms (n = 18),
by ipsilateral or contralateral stimulation in a sample of LS  respectively; and in non-LS neurons they were: 8.62 + 1.79 ms
and non-LS neurons (Figure 9). Excitatory conductance was (n = 47) in EPSCs and 11.30 £ 323 ms (n = 31) in
measured at the peak of the EPSCs recorded at —70 mV (a  IPSCs. These differences were also apparent in simultaneously
value close to the chloride equilibrium potential under our  recorded neuron pairs (n = 3; Figure 9F), with an EPSC of
experimental conditions), while the inhibitory conductance was  10.59 + 1.48 ms, and an IPSC of 10.81 £+ 1.09 ms in LS
measured at the peak of the IPSCs recorded at 0 mV (a potential  neurons, compared to an EPSC of 8.14 4 0.99 ms, and an
close to the AMPA receptors reversal potential of). The E/I  IPSC of 10.49 & 1.45 ms in non-LS neurons. The latencies
balance was generally <1 in both LS and non-LS neurons  were compared with the Kruskal-Wallis ANOVA on ranks,
(Figure 9C; LS: 0.44 & 0.32, n = 15; non-LS: 0.87 & 0.90,  using Dunn’s test for pairwise comparisons (Figure 9E). This
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FIGURE 9 | Excitatory/inhibitory balance and latency of responses evoked by contralateral stimuli. (A) Examples of recordings of EPSCs and feed-forward IPSCs
evoked in a neuron pair formed with one LS neuron (red traces) and one non-LS neuron (black traces). The EPSCs were recorded at a holding potential of —70 mV
and the IPSCs at 0 mV. Each panel shows five consecutive responses (gray traces) and their average (thick, red, or black traces). (B) EPSC peak conductance vs.
IPSC peak conductance measured in individual neurons (LS, red; non-LS, black symbols). Linear fit to data from non-LS neurons: black line, slope: 0.251, R?: 0.44;
linear fit to data from LS neurons: red line, slope: 0.277, R?: 0.29. The blue line is the identity line. (C) E/I balance measured in LS (red) and non-LS (black) neurons.
(D) The rising phase of the synaptic responses for panel (A) plotted on an enlarged time scale to highlight the differences in the EPSC and IPSC onset latencies
(dotted arrows). (E) EPSCs, and the IPSCs onset latencies recorded in LS (red symbols) and non-LS neurons (black symbols) neurons. For comparison with the
IPSC latencies, in this figure, we have pooled the EPSC onset latencies recorded from individual recordings (data in Figure 5G) and paired recordings (data in
Figure 8C). The onset latencies were compared using the Kruskal-Wallis one-way ANOVA on ranks and we used Dunn’s test for pairwise comparisons. (F) The
onset latencies for the three neuron pairs formed with one LS and one non-LS neuron that both responded to contralateral stimuli. As in panel (E), the EPSC onset
latency data are taken from Figure 5G. In this panel each type of symbol represents the two neurons forming a simultaneously recorded pair.

analysis showed that the latencies of the EPSCs recorded in
non-LS neurons were significantly shorter than the latencies
measured for the IPSCs in non-LS neurons and the EPSCs
and IPSCs from LS neurons. These values suggest that the
EPSCs recorded in non-LS neurons were monosynaptic, while
the EPSCs recorded in LS neurons (feed-forward excitation)
and the IPSCs recorded in both neuron types were disynaptic
since the average latency of the latter group of responses was
2.7-3 ms longer than that of the non-LS EPSCs. What is more,
the disynaptic nature of the IPSCs is consistent with their
feed-forward mechanisms.

DISCUSSION

In this work, we have studied the electrophysiological properties
of layer 2/3 pyramidal neurons in the mouse GRSC, as well
as their synaptic responses to cortico-cortical axons. We have
identified the presence of two electrophysiological types of

pyramidal neurons in the dorsal part of this cortical area. Some
neurons, about 60% of the whole sample, showed a prominent
late-spiking firing pattern similar to that of layer 2/3 pyramidal
neurons in the rat GRSC (Kurotani et al.,, 2013), while the
remaining neurons had a regular spiking pattern that was very
similar to that of layer 2/3 pyramidal neurons located in other
cortical areas, including the dysgranular RSC (area 30; Sempere-
Ferrandez et al., 2018). Our data from simultaneous paired
recordings show that the LS and non-LS pyramidal neurons
were readily intermingled in the dorsal GRSC, as we often found
neuron pairs formed by an LS and a non-LS neuron whose
somata were separated by 100 pm on average. This neuron
mixture suggests that the dorsal portion of the GRSC is an
area of transition between the more ventral GRSC (where layer
2/3 comprises almost exclusively LS neurons: 94% in the rat
GRSC according to Kurotani et al., 2013) and the dorsally located
dysgranular (which contains only regular spiking pyramidal
neurons: Sempere-Ferrandez et al., 2018). However, we do not
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have further data supporting the hypothesis that the dorsal part
of the GRSC is a transition area with the dysgranular RSC.

We have shown that the LS and non-LS pyramidal neurons
were integrated with different neuronal circuits, even though
these two types of neurons were found in proximity. Our data
on glutamate application and the stimulation of long-range
cortico-cortical axons (of either ipsilateral or contralateral
origin) show that non-LS neurons receive cortico-cortical
synaptic contacts from both local and long-range origin (over
250 pm) that generate complex EPSCs with mono- and
polysynaptic components (see examples in Figures 5, 7);
however, LS neurons were, by contrast, innervated mainly by
cortico-cortical axons of local origin, but not by long-range
axons. This finding is reinforced by the results for the
synaptic responses evoked by the stimulation of long-range
cortico-cortical axons, either ipsilaterally or contralaterally. The
large difference in the magnitudes of the EPSCs and the
proximity of LS and non-LS neurons implies that non-LS
pyramidal neurons are selectively innervated by incoming
long-range axons acting on layer 2/3 of the dorsal part
of the GRSC. This selective long-range axonal innervation
of non-LS neurons implies that LS and non-LS pyramidal
neurons are integrated with different neuronal circuits, and
therefore participate in different functions. The non-LS neurons
fired intensely during epileptiform discharges evoked in the
dis-inhibited cortex, while LS neurons only showed subthreshold
synaptic responses.

An alternative explanation of the different magnitudes of
the synaptic responses recorded in LS and non-LS neurons is
that afferents originated in long-range axons were similar for
both types of neurons, but the somatodendritic localization
differed. In the LS neurons, the synapsis could be located in
distal dendrites; whereas in the non-LS neurons, the synapsis
could be located in proximal dendrites. It has been shown in
thick tufted layer 5 pyramidal neurons that synaptic contacts
formed on the apical dendrite do not correspond to the
distance from the soma and therefore distal contacts generate
smaller somatic synaptic responses than proximal contacts
(Williams and Stuart, 2002). We cannot rule out this explanation,
but the values of the rise and decay times of the EPSCs
from LS and non-LS neurons are not fully consistent with
different synaptic localization. Decay times were similar in both
types of neurons, while rise times were even shorter for LS
neurons. However, it is important to note that the EPSCs had
polysynaptic components that may lengthen their time course in
non-LS neurons.

Neurons with a late-spiking firing pattern have been found
in other cortical areas of rodents related to the RSC and
implicated in spatial information processing. Pyramidal-like
neurons with a clear late-spiking pattern have been reported in
the superficial layers of the presubiculum (Abbasi and Kumar,
2013), which is reciprocally connected to the GRSC (Wyss
and Van Groen, 1992). In the medial entorhinal cortex, which
receives connections from the RSC (Wyss and Van Groen, 1992),
layer 2 non-stellate pyramidal-like neurons have also shown
an LS pattern (Alonso and Klink, 1993). Finally, small, layer
2/3 pyramidal neurons with an LS firing pattern have been

described in the perirhinal cortex (Faulkner and Brown, 1999);
there are also LS neurons in layer 6 of this cortical region, but
they are not pyramidal. Given that neurons with an LS firing
pattern could be involved in the integration of responses with
different timing (Kurotani et al., 2013), these neurons may form
part of neural circuits equipped with specific signal processing
timing capacities.

The characteristics of the synaptic responses evoked in
LS and non-LS neurons by long-range cortico-cortical axons
show that in the generation of these responses participated
complex local neuronal circuits. The values of the onset
latencies of the synaptic responses (originated in the contralateral
cortex; Figure 9) suggests that in LS neurons the EPSCs
were disynaptic, while in non-LS neurons the onset of the
EPSCs was monosynaptic. On the other hand, in LS neurons
the EPSCs were mostly small and had a single component
(disynaptic), while in non-LS neurons the EPSCs were mostly
large and complex, having an initial monosynaptic component
and several delayed polysynaptic components (see recordings
shown in Figures 5, 7). The simplest explanation for these
findings is that long-range cortico-cortical axons reaching
the dorsal part of the GRSC innervated monosynaptically
only non-LS neurons; part of these non-LS neurons should
fire action potentials and this firing generated the disynaptic
EPSCs in LS neurons and the polysynaptic components in
non-LS neurons by a feed-forward excitation. This hypothesis
is supported by our finding that some non-LS neurons fire
action potentials in response to long-range (80-12% of the
recorded non-LS neurons in response to ipsi- and contralateral
axons, respectively) and by the probability of interconnections
between layer 2/3 pyramidal neurons (0.1-0.15, Holmgren et al.,
2003; Avermann et al, 2012). However, in our sample of
simultaneously recorded neuron pairs, we did not find a single
case of non-LS to LS synaptic connections, which suggests that
neurons causing the disynaptic responses in LS neurons were
placed outside the dorsal part of the GRSC. Overall, these data
show the complexity of the local neuronal circuits causing the
synaptic responses to cortico-cortical axons in the dorsal part of
the GRSC.

Our results may have two limitations associated with
the method of recording the synaptic responses. Firstly,
concerning the long-range stimulation experiments, the
recorded responses (or part of them) may be due to local
collaterals from neighboring pyramidal neurons activated
antidromically by the electrical stimuli rather than the
long-range afferent axons impinging on layer 2/3 neurons.
This is particularly important in terms of the contralateral
stimulation, given the symmetrical, bilateral structure of
the callosal fibers. However, we did not record a single
case of antidromic activation in response to contralateral
stimulation throughout our entire sample of both LS and
non-LS neurons. This observation means it is very unlikely
that the synaptic responses recorded after contralateral
stimulation could be caused by antidromic activation of the
local collateral branches of the neuronal axons. This lack of
any antidromic responses contrasted with the dysgranular
RSC, where a very small proportion of layer 2/3 pyramidal
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neurons fire antidromically (<10% with maximal stimuli,
Sempere-Ferrandez et al., 2018). Secondly, we used an
intracellular solution based on K*-gluconate for voltage-
clamp recordings, instead of a cesium-based solution. This
was because it was impossible to identify LS and non-LS
pyramidal neurons with intracellular cesium, given that the
firing pattern changes drastically. However, as mentioned
previously, the EPSC time course data rule out that small
responses recorded in the LS neurons were originated in
more distal dendrites than large responses recorded in the
non-LS neurons, thus minimizing the relevance of using
intracellular cesium.

Our results were obtained in mice aged 14-22 days. At this
age, the cortical circuit is still not fully developed and, therefore,
we cannot rule out the possibility that further circuit refinement
may contribute to the mechanisms controlling the firing of
pyramidal neurons and the different coding strategies of layer
2/3 and layer 5 pyramidal neurons. For instance, Angulo et al.
(1999) showed that from weeks 3-5 postpartum some changes
occur in the excitatory connections from layer 5 pyramidal
neurons to fast-spiking interneurons, in particular, a switch
from paired-pulse depression to paired-pulse facilitation that
confers layer 5 pyramidal neurons wider integrative capabilities
at 5 weeks of postnatal age. The fact that cortical circuits are
not fully developed at this postnatal development stage means
the afferent connections formed on LS and non-LS pyramidal
neurons are still susceptible to subsequent refinements.

The innervation of the dorsal dysgranular RSC by callosal
axons is denser than the innervation of the GRSC (Sempere-
Ferrandez et al., 2018), and this is coincident with the different
innervation by contralateral cortico-cortical axons between LS
and non-LS neurons that we report here. From a functional
point of view, this finding suggests that non-LS neurons could
be part of the dorsal dysgranular RSC (their properties were
very similar to those of the pyramidal neurons of this area,
Sempere-Ferrandez et al., 2018), although they are placed within
the morphologically defined GRSC. This would imply that the
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8. ANNEX OF RESULTS

In section 1 and 2 of annex of results, I describe unpublished results which were
obtained in my last period of graduate student. These results are directly related with the

above paper, and they continue and complete this work.

8.1. SECTION 1. Properties and innervation of L5 thick
tufted pyramidal neurons of the granular retrosplenial cortex.

Comparison with L2/3 pyramidal neurons

We have shown that the synaptic responses recorded in LS neurons in response to
ipsilateral or contralateral stimulation were disynaptic; one possible source of these
disynaptic responses in LS neurons could be the thick-tufted large pyramidal neurons of
L5; in the dorsal dysgranular RSC these neurons fire strongly in response to contralateral
inputs (Sempere-Fernandez et al., 2018, 2019), and this firing could cause the EPSCs
recorded in L2/3 LS neurons through synaptic connections between L5 and L2/3
pyramidal neurons. To test this possibility, we made simultaneous recordings of neuron
pairs formed by a L5 thick-tufted neurons and a L2/3 pyramidal neurons (either LS or
non-LS). With these experiments we tried to determine whether 1) L5 thick-tufted
pyramidal neurons of the GRSC fired action potentials in response to cortico-cortical
inputs, and 2) there were monosynaptic connections between L5 and L2/3 pyramidal

neurons that could cause the disynaptic responses in LS neurons.
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We selected for recording pyramidal neurons of the upper part of L5b because
their responses were larger than those laying in the lower half of L5b; these neurons show
the standard pyramidal cell morphology. Also, these neurons were relatively easy to
identify, due to their characteristic morphology (thick-tufted apical dendrite) and their
firing pattern (Figure 8.1). Compared with GRSC pyramidal neurons in L2, those in L5
of the GRSC has a more positive resting membrane potential, and a lower input resistance.
In this type of neuron, it has been described that even with a depolarizing current just
above threshold, the latency of the first action potential is shorter than that of LS neurons;
also, these neurons show adaptation during repetitive firing and lower maximum firing
frequencies (Sempere-Fernandez et al.,, 2019). It is important to note that in these
experiments (similarly to the experiments recording the IPSCs described below) there
were few LS neurons that showed synaptic responses; LS neurons not showing synaptic
responses were included as having 0 mA peak amplitude, but in these neurons no latency
could be measured and for this reason in Figures 8.4 and 8.5 the number of LS neurons

having latency is lower than the number of LS neurons having peak amplitude.
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Figure 8.1. Firing pattern and morphology of pyramidal neurons recorded in L5

of the GRSC.

(A) Coronal drawing of the GRSC cortex of the mouse indicating the recording
area, in this case in L5. The dotted red line shows the approximate limit between
the GRSC and the dorsal dysgranular RSC. This limit has been set according to Vogt
& Paxinos, 2014. (B) Responses to hyper- and depolarizing current pulses of
pyramidal neurons recorded in L5 of the GRSC. Inset: action potential shown at
larger time scale. Scale bars in the right apply to the panel recording in the three
panels. (C) Neurolucida drawing of L5 pyramidal neuron with its scale bar of 100

pm.

To check for the possibility that the small disynaptic responses recorded in L2/3 LS
neurons were originated in L5 pyramidal neurons (which fire strongly to contralateral
inputs: Sempere-Fernandez et al., 2019) we made a series of simultaneous recordings in

L2/3 and L5 pyramidal neurons to look for the possibility of L5 to L2/3 synaptic
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connections. However, we did not find any interconnection between L2/3-5: 0 out of 33
pairs formed by LS - L5 pyramidal neurons and 0 out of 17 pairs formed by non-LS - L5
pyramidal neurons. This finding is against the possibility that the disynaptic responses
recorded in LS neurons were originated in L5 pyramidal neurons responding to the

incoming stimuli.

From the above mentioned recordings (simultaneous paired recordings) we also
analyzed and compared the synaptic responses to ipsi and contralateral stimulation; these
data are shown in Figures 8.2 (ipsilateral stimulation) and 8.3 (contralateral stimulation).
In both figures panel A shows a sketch of the experiment, panel B shows examples of
recording pairs, and panels C and D show the values of EPSC peak amplitude and onset
latency of L2/3 LS - L5 pyramidal neuron pairs and L2/3 non-LS - L5 pyramidal neuron

pairs.
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Figure 8.2. Excitatory synaptic currents evoked by ipsilateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons
and L5 pyramidal neurons of the GRSC.

(A) Drawing of a coronal slice from the GRSC showing the arrangement of
recording and stimulation electrodes for ipsilateral stimulation and simultaneous
recording of L2/3 and L5 neurons. (B) Examples of EPSCs recorded in response to
ipsilateral electrical stimuli applied at 1.2 mm from the both types of recorded pairs
of neurons, three consecutive sweeps superimposed in each panel: a LS neuron (red
traces) with a L5b pyramidal neuron (blue traces); and a non-LS neuron of L2/3
with a L5b pyramidal neuron (blue traces). (C) peak amplitude and (D) latency of

the EPSCs recorded in LS pyramidal neurons (red symbols; n=9 and 2 respectively),
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non-LS pyramidal neurons (black symbols; n=5), and L5 pyramidal neurons (blue

symbols; n=9).

In response to ipsilateral stimulation, the average peak amplitude of the EPSC was
larger in L5b pyramidal neurons than in L2/3 LS neurons (344.71+177.7 pA, n=9 versus
5.9+£11.99 pA, n=9; paired t test p<0.001) (Figure 8.2C upper panel). The average onset
latency of the responses recorded in upper L5b pyramidal neurons and L2/3 LS neurons
was similar (Figure 8.2D upper panel) (3.29+1.09 ms, n=>5 versus 4.75+3.35 ms, n=2);
however, the number of neurons responding to ipsilateral stimuli was very low (only two
neurons) and this makes this result not absolutely clear because. This finding of few
responses in LS neurons was similar to the finding reported above. When comparing non-
LS L2/3 pyramidal neurons and upper L5b pyramidal neurons from neuron pairs, the
average EPSC peak amplitude of the responses recorded in L5 pyramidal neurons and in
non-LS neurons was similar (Figure 8.2C, lower panel) (252.82+140.80 pA, n=5 versus
202.64+63.17 pA, n=5). The average latency of the responses recorded in L5 pyramidal
neurons and in L2/3 non-LS neurons was also similar (Figure 8.2D, lower panel;

2.734+0.44 ms, n=5 versus 3.34+1.67 ms, n=5).
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Figure 8.3. Excitatory synaptic currents evoked by contralateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons
and L5 pyramidal neurons of the GRSC.

(A) Drawing of a coronal slice from the GRSC showing the arrangement of
recording and stimulation electrodes for contralateral stimulation. (B) Examples of
recorded EPSCs in response to contralateral electrical stimuli applied at 1.2 mm
from the both types of recorded pairs of neurons: one type of pair from non-LS
neuron (black traces) versus L5b pyramidal neuron (blue traces), and another type
of pair from LS neuron (red traces) versus L5b pyramidal neuron (blue traces); three
consecutive sweeps superimposed in each panel. (C) Peak amplitude and (D)
latency of the recorded EPSCs in LS (red symbols; n=18 and 3 respectively) and L5

pyramidal neurons (blue symbols; n=18) and in non-LS pyramidal neurons (black
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symbols; n=9 and 7 respectively) and L5 pyramidal neurons (blue symbols; n=9 and

7 respectively).

In response to contralateral stimulation, the average of EPSCs peak amplitude was
larger in L5b pyramidal neurons than in L2/3 LS neurons too (83.79 £91.31 pA, n=9
versus 6.50+17.02 pA, n=9; paired t test p<0.001) (Figure 8.3C upper panel). If we look at
the mean of average of onset latency from the responses recorded in upper L5b pyramidal
neurons was similar than in L2/3 LS neurons (Figure 8.3D upper panel) (8.39+1.42 ms,
n=>5 versus 11.79+4.64 ms, n=5), but we only got three responses of LS pyramidal neurons.
In this case again, these results were not clear because we also need to increase the number
on LS pyramidal neurons recorded to get more LS responses and then compare them. Our
problem was that just few neurons of the whole sample responded to the stimulus in all
the experiments. When comparing non-LS L2/3 pyramidal neurons and upper L5b
pyramidal neurons from neuron pairs, the average of EPSCs peak amplitude of the
responses recorded in L5 pyramidal neurons was similar than in non-LS neurons (Figure
8.3C, lower panel) (91+81.21 pA, n=5 versus 72.68+64.8 pA, n=5). The average latency of
the responses recorded in L5 pyramidal neurons was similar than in non-LS neurons too

(Figure 8.3D, lower panel) (8.61£1.69 ms, n=5 versus 9.09£1.28 ms, n=5).
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In the case of EPSC peak amplitudes of LS and non-LS pyramidal neurons
compared to L5b pyramidal neurons, we obtained almost the same results than recorded
pairs of L2/3-2/3, these numbers could mean that these type of pyramidal neurons are not
in the same local circuit and we suppose that they play different roles with different

functions.

8.1.1. Inhibitory responses in L2/3 and L5 pyramidal neurons

In neuron pairs formed by a L2/3 pyramidal neuron and a L5b pyramidal neuron
we studied also the feed forward inhibitory responses evoked by cortico-cortical axons

and the E/I balance.

The IPSCs evoked in simultaneously recorded pairs of neurons in response to
ipsilateral electrical stimuli applied at 1.2 mm of the recorded neurons or to contralateral
electrical stimuli were measured at a holding potential 0 mV (Figures 8.4 and 8.5,
respectively). It is important to note that in these experiments (similarly to the
experiments recording the EPSCs described above) there were few LS neurons that
showed synaptic responses; LS neurons not showing synaptic responses were included as
having 0 mA peak amplitude, but in these neurons no latency could be measured and for
this reason in Figures 8.4 and 8.5 the number of LS neurons having latency is lower than

the number of LS neurons having peak amplitude.
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The properties of the IPSCs recorded in response to ipsilateral stimulation are
shown in Figure 8.4. IPSCs peak amplitude was larger in L5b pyramidal neurons than in
LS pyramidal neurons (Figure 8.4C, upper panel) (611.21+319.73 pA, n=9 versus
3.25+£9.76 pA, n=9 and 1 respectively). In contrast, IPSC peak amplitude was similar in
non-LS and L5 pyramidal neurons (Figure 8.4C, lower panel) (608.62+466.54 pA, n=>5
versus 381.32+260.90 pA, n=5). In pairs formed by an LS and L5b pyramidal neuron, the
average of onset latency from the responses recorded in L5b pyramidal neurons was
4.39+1.17 ms (n=9), while in the only LS neuron that showed an IPSC the latency was
7.58 ms (n=1). In pairs formed by a non-LS and and L5 pyramidal neuron the average
onset latency was similar in both neuron types (non-LS 4.55+0.68 ms, n=5; L5 5.16+2.41

ms, n=5).

Since we only had the latency of one LS pyramidal neuron responses, we could
not say that these values showed that IPSC recorded in LS pyramidal neurons were
disynaptic, however it was 3.5 ms longer than the average of IPSCs latency of L5b
pyramidal neurons. It would be interesting try to get more LS responses in order to

measure more latency values and compare them.
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Figure 8.4. Inhibitory synaptic currents evoked by ipsilateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons
and L5 pyramidal neurons of the GRSC.

(A) Drawing of a coronal slice from the GRSC showing the arrangement of
recording and stimulation electrodes for ipsilateral stimulation. (B) Examples of
recordings of feed-forward IPSCs evoked in neuron pairs, three superimposed
sweeps in each panel: a LS neuron (red traces) with a L5b pyramidal neuron (blue
traces); and a non-LS neuron of L2/3 with a L5b pyramidal neuron (blue traces).
The IPSCs were recorded at a holding potential 0 mV responding to ipsilateral
electrical stimuli at 1.2 mm from recorded neuron pairs, three consecutive

superimposed sweeps are shown in panel B, a non-LS neuron (black traces) with L5
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pyramidal neuron (blue traces), and a LS neuron (red traces) with L5 pyramidal
neuron (blue traces); three consecutive sweeps superimposed in each panel. (C)
Peak amplitude and (D) latency of the IPSCs recorded in LS (red symbols; n=9 and
1) and L5 (black symbols; n=9) pyramidal neurons, in non-LS pyramidal neurons

(black symbols; n=5) and L5 pyramidal neurons (black symbols; n=>5).

Figure 8.5 shows the results of the recordings of feed-forward IPSCs evoked in
neuron pairs in response to contralateral stimulation. The IPSCs were recorded at a
holding potential of 0 mV recorded in response to electrical stimuli applied to the
homotopic L2/3 of the contralateral hemisphere from both types of simultaneously
recorded pairs of neurons: non-LS pyramidal neurons with upper L5b pyramidal
neurons, and LS pyramidal neurons with upper L5b pyramidal neurons. Regarding peak
amplitude and onset latency of the IPSCs recorded in LS and upper L5b, the average IPSC
peak amplitude of the responses recorded in upper L5b pyramidal neurons was larger
than in LS pyramidal neurons (Figure 8.5C upper panel) (159.56 + 235.99 pA, n=10 versus
13.18+41.47 pA, n=10). However, the latency of the responses recorded in upper L5b and
LS pyramidal neurons were similar (Figure 8.5D upper panel) (11.44 + 1.41 ms, n=5
versus 10.08 ms, n=1). On the other hand, in the case of non-LS pyramidal neurons and
upper L5b pyramidal neurons, the average of EPSC peak amplitude of the responses
recorded in L5 pyramidal neurons was similar than in non-LS neurons (Figure 8.5C lower

panel) (188 * 293.96pA, n=6 versus 17.48 + 24.03 pA, n=6). The onset latency of the
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responses recorded in upper L5b and in non-LS neurons was similar too (Figure 8.5D

lower panel) (12.07£1.86ms, n=3 versus 12.49+2.49 ms, n=3).
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Figure 8.5. Inhibitory synaptic currents evoked by contralateral electrical
stimulation in simultaneous paired recordings between L2/3 pyramidal neurons

and L5 pyramidal neurons of the GRSC.

(A) Drawing of a coronal slice from the GRSC showing the arrangement of
recording and stimulation electrodes for contralateral stimulation. (B) Examples of
recordings of feed-forward IPSCs evoked in a neuron pairs. The IPSCs were
recorded at a holding potential of 0 mV in response to contralateral electrical
stimuli applied at the homotopic side of the other hemisphere from the both types

of recorded pairs of neurons: non-LS neuron (black traces) with L5 pyramidal
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neurons (blue traces), and a LS neuron (red traces) with L5 pyramidal neuron (blue
traces); three consecutive sweeps superimposed in each panel. (C) Peak amplitude
and (D) latency of the IPSCs recorded in LS (red symbols; n=10 and 1 respectively)
and L5 (black symbols; n=10 and 5 respectively) pyramidal neurons and in non-LS
pyramidal neurons (black symbols; n=6 and 3 respectively) and L5 pyramidal

neurons (blue symbols; n=6 and 3 respectively).

8.1.2. Comparison of the E/I balance in pyramidal neurons of L2/3
and L5

As in the experiments of pairs formed by L2/3 LS and non-LS pyramidal neurons,
E/I balance was measured from the excitatory and inhibitory conductance of the synaptic
responses evoked by either ipsi- or contralateral stimulation (Figures 8.6 and 8.7) in
neuronal pairs formed by L2/3 versus L5 pyramidal neurons. Conductance was measured
from the peak of the EPSCs recorded at -70 mV, a potential close to the equilibrium
potential for chloride in our experimental conditions; and from the peak of the inhibitory
component recorded at 0 mV, a potential close to the reversal potential of AMPA

receptors.
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Values of the excitatory and inhibitory conductances of the responses to ipsilateral
stimulation recorded from the different type of neurons studied are shown in Figures 8.6A
and B. In LS neurons (n = 10, only 2 with excitatory conductance and 1 with inhibitory
conductance because of the lack of response in 8 out of them) the excitatory conductance
was 0.36 £ 0.07 nS and the inhibitory conductance was 0.42 nS. In non-LS neurons (n =
5) the excitatory and inhibitory conductances were respectively 4.68 + 0.1.87 nS and 5.44
+ 3.73 nS. In upper L5b pyramidal neurons (n = 15) the excitatory and inhibitory
conductances were respectively 4.42 + 1.93 nS and 10.08 + 5.49 nS, (p = 0.002, Mann-
Whitney rank sum test); note that, in contrast to L2/3 pyramidal neurons (both LS and
non-LS), in upper L5 pyramidal neurons the excitatory conductance was lower that the
inhibitory conductance being statistically different between non-LS pyramidal neurons
and upper L5 pyramidal neurons (p = 0.009, Mann-Whitney rank sum test). From these
values of excitatory and inhibitory conductance the E/I balance were (Figure 8.6C): LS
pyramidal neurons 0.738 (n = 1), non-LS pyramidal neurons 1.16 + 0.84 (n = 5), and
upper L5b pyramidal neurons 0.52 + 0.30 (n = 14). Mostly, the average E/I balance was
<1 or very close to 1 in LS, non-LS and upper L5b pyramidal neurons (Figure 8.6C). Our
data shows that upper L5 pyramidal neurons had a smaller E/I balance than L.2/3 non-LS
neurons; however, we were unable to compare the E/I balance from LS neurons due to

the very small number of these neurons that showed synaptic responses.

110



_‘
(=]
]
i -
;)

Excitatory Conductance (nS)

p=0.009

e

LS Non-LS PyrL5

Excitatory Conductance (nS)

Inhibitory Conductance Non-LS (nS)

E (nS) 1(nS)
p=0.002 0.0

Pyr L5

-

0 2 4 6 8 10
Inhibitory Conductance Pyr L5 (nS)

Excitatory Conductance (nS)

E (nS) I (nS)

Figure 8.6. Excitatory/inhibitory balance of the responses evoked by ipsilateral
stimuli.

(A) EPSCs peak conductance values versus IPSCs peak conductance values
measured in individual neurons (LS red symbols, non-LS black symbols, upper L5
blue symbols). Linear fit to data of non-LS pyramidal neurons: pink line, slope:
0.421, R* 0.601; linear fit to data of upper L5 pyramidal neurons: pink line, slope:
0.126, R* 0.036. The blue line is the identity line. (B) Values of excitatory and
inhibitory conductance from the different types of pyramidal neurons studied: LS
n=2and 1; non-LS n=>5; L5 pyramidal neuron n=14. Notice the break in upper panel
B on vertical axis in order to enlarge the vertical scale. (C) E/I balance measured in
LS (n =1), non-LS (n = 5), and L5 pyramidal neurons (n=15). Notice the break in

panel B due to the small LS conductance in order to appreciate it better.
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Values of excitatory and inhibitory conductance and the E/I balance of the
responses evoked by contralateral stimuli are shown in Figure 8.7. In LS neurons (note
that from a total of 27 recorded LS pyramidal neurons only 3 had responses, n=3) the
excitatory conductance was 0.142 + 0.37 nS and the inhibitory conductance was 0.140 +
0.43 nS. In non-LS neurons (from 13 recorded non-LS pyramidal neurons only 3 had
response, n=3) the excitatory and inhibitory conductances were respectively 0.99 * 0.85
nS and 0.07 + 0.16 nS. Finally, in upper L5b pyramidal neurons (from 35 recorded upper
L5 pyramidal neurons only 14 had response, n=14) the excitatory and inhibitory
conductances were respectively 1.76 + 1.72 nS and 1.640 + 3.37 nS. For contralateral
stimulation, the E/I balance measured in three types of neurons is shown in Figure 8.7C;
LS 0.97 £ 0.89 (n=3), non-LS 7.58 + 9.45 (n=3), and upper L5b pyramidal neurons 1.24 +
1.21 n=14. In the case of contralateral stimulation, mostly the E/I balance was >1 in non-
LS neurons and upper L5b pyramidal neurons, but it was close to 1 in LS pyramidal
neurons and there was no difference in E/I balance among them. These values of E/I
balance are explained by the finding that inhibitory conductance was bigger than
excitatory conductance in non-LS pyramidal neurons, in contrast to LS and upper L5
pyramidal neurons that they had approximately the same values between excitatory and

inhibitory conductance.
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Figure 8.7. Excitatory/inhibitory balance of the responses evoked by
contralateral stimuli.

(A) Values of EPSC peak conductance versus IPSC peak conductance measured in
individual neurons (LS red, non-LS black symbols, upper L5 pyramidal neurons
blue symbols). Linear fit to data from non-LS neurons: pink line, slope: -0.456, R%
0.279; linear fit to data from LS neurons: pink line, slope: 0.470, R% -0.09; linear fit
to data from upper L5 pyramidal neurons: pink line, slope: 0.150, R% 0.070. The
blue line is the identity line. (B) Values of excitatory and inhibitory conductance
from the different type of neurons studied (mean+SD): LS (red) n=3; non-LS
(black) neurons n=3; and upper L5b pyramidal neurons (blue) n=14. Notice the

break in upper panel B on vertical axis in order to enlarge the vertical scale. (C) E/I
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balance (mean+SD) measured in LS (red) n=3, non-LS (black) neurons n=3; and

upper L5b pyramidal neurons (blue) n=14.

8.2. SECTION 2. Role of GABA; receptors in the local
neuronal circuits of the GRSC L2/3

8.2.1. Inhibitory responses recorded in LS pyramidal neurons

during the propagation of epileptiform discharges

In slices bathed with mACSF and in the presence of 10 pm Bicuculline (a blocker
of GABA, receptors; see material and methods above) there are generated large
oscillatory epileptiform discharges that propagated along L2/3 in response to the
stimulation of L1 (see Results section). We observed the presence of inhibitory
components as part of these discharges in both LS and non-LS neurons; one example of
these responses, in an LS neuron, is shown in Figure 8.8. The voltage-dependence of the
synaptic responses recorded during the propagation of epileptiform discharges is shown
in Figures 8.8A and B. When studied in detail, we noted that the synaptic responses
recorded in LS neurons had a late component that reversed at approximately -70 mV
(Figure 8.8C). This reversal potential was similar to the equilibrium potential of Chloride

calculated in our experimental conditions (Cl e, = -68 mV) and less negative than the
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equilibrium potential for potassium (K'eev = -87 mV): this shows the presence of an

inhibitory component dependent on GABA, receptors.
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Figure 8.8. Voltage-dependence of the synaptic responses recorded in LS

pyramidal neurons during the propagation of epileptiform discharges.

(A) Synaptic responses obtained in a LS neuron during the propagation of
epileptiform discharges recorded at different membrane potentials. (B) Same
recordings of panel A but superimposed and shown at an enlarged vertical scale to
show the voltage-dependence of the synaptic responses. The amplitude of the
synaptic responses respect to the baseline was measured at the peak of the initial
excitatory component (black triangles) and at the peak of the late component (orange

triangles). (C) Peak amplitude of the early (black triangles) and late (orange triangles)




components of the recordings shown in C plotted respect to the membrane potential;
the dotted red line is the linear regression of the amplitudes of the late component,
showing a reversal potential close to -70 mV. The early excitatory component did not

show a clear voltage dependence in range of membrane potential studied.

8.2.2. Effects of GABA; receptor blockers

The late component that reversed at -70 mV suggests the presence of a large
inhibitory component mixed with the EPSPs in LS neurons, which could be the cause of
the small subthreshold amplitude of these responses in LS neurons. Since the presence of
Bicuculline should block, at least partially, the inhibition due to GABA, receptors, we
checked the possible presence of an additional inhibitory component due to the activation
of GABA;Rs. This was done using two specific blockers of GABAgRs: CGP55845 and
CGP52432; these two blockers had the same effect either on LS or non-LS neurons.
Therefore, in Figure 8.9 we show the results obtained with either CGP55845 or CGP52432
pooled together because of this same effect. CGP 55845 (5uM) or CGP 52432 (10uM)
were added to the perfusion solution (mACSF). The different concentrations were due to
the Tocris recommendation on their datasheets to use it (Tocris, Bio-Techne R&D

Systems, S.LU).
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Figure 8.9 shows the effect of GABAg blockers on LS neurons and Figure 8.10 on
non-LS neurons. In each neuron, the synaptic responses recorded during the propagation
of epileptiform discharges were recorded for an initial period of 5 min in control solution
with Bicuculline (10uM); then CGP 55845 (5uM) or CGP 52432 (10uM) was added to the
extracellular solution during 10 min and finally the GABA; blocker was washed out. The
effect of CGP 55845 or CGP 52432 was not fully reversed after 25 min of wash out,
preventing us to record more than one cell from each slice. In these recordings we noticed
that the hyperpolarization present in LS pyramidal neurons disappear in the presence of
GABA; blockers (Figure 8.9), leading to the firing of action potentials by a previously
silent neurons (Figure 8.9A, B). This suggest that in LS neurons the GABAs component
was causing, at least in part, the small excitatory synaptic responses recorded in these
neurons. In non-LS neurons (Figure 8.10) the GABAs blockers did increase the action
potential firing during epileptiform discharges (Figure 8.10A, B) but the effect on the
initial part of the synaptic response was smaller and delayed in time (Figure 8.10C);

however, further experiments are necessary to confirm this observation.
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Figure 8.9. Effect of GABAgR blockers in LS pyramidal neurons.

(A) Recordings of the synaptic responses obtained in a LS neurons during the
propagation of epileptiform activity in control conditions (recordings taken at 2’
and 4’), during the application of 5 uM CGP 55845 (recordings at 6" - 15°) and
during the washout period (recordings at 20" and 24’). The synaptic response
increased in amplitude and finally evoked the firing of action potentials, shown
truncated (and marked with asterisks) at the 24’ trace. (B) Same recordings than
panel A shown superimposed and at an enlarged vertical scale. (C) Normalized
amplitudes (respect to average values during the control period) of the late
component of the synaptic response in LS neurons; the amplitude was measured
respect to the baseline at the time shown in panel B by an arrow. White circles show
the values of the neuron shown in panels A and B, and red diamonds show the mean
+ S.E.M. of the LS neurons studied (pooling the data obtained with CGP 55845 n=3

and CGP 52432 n =5).
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Figure 8.10. Effect of GABAgR blockers in non-LS pyramidal neurons.

(A) Recordings of the synaptic responses obtained in a non-LS neurons during the
propagation of epileptiform activity during the control period (recordings taken at
2’ and 4’), during the application of 5 uM CGP 55845 (recordings at 5" - 15’) and
during the washout period (recordings at 20’ and 24’). (B) Same recordings than
panel A shown superimposed and at an enlarged vertical scale. (C) Normalized
amplitudes (respect to average values during the control period) of the late
component of the synaptic response in non-LS neurons; the amplitude was
measures respect to the baseline at the time shown in B by an arrow. White circles
show the values of the neuron shown in panels A and B, and red diamonds show
the mean + S.E.M. of the non-LS neurons studied (pooling the data obtained with

CGP 55845 n =1 and CGP 52432 n = 4).
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Figure 8.11 shows the comparison of the effects of GABAs blockers on LS and
non-LS pyramidal neurons; the data in this figure is reproduced from the data in Figures
8.9C and 8.10C. Comparing the control period (using 10 sweeps, 5 minutes) versus CGP
application (last 10 sweeps, 5 minutes), we had statistical differences in both populations
of pyramidal neurons (LS cells: mean and standard deviation for control period
0.992+0.972 and CGP application 1.588+1.537, p-value<0.001 n=10); and non-LS cells:
mean and standard deviation for control period 1.000+0.0527 and CGP application
0.944+0.0578, p-value=0.035 n=10) proving that in both cases there is an effect of CGP
application. The interesting point is that blocking GABAgRs let LS pyramidal neurons fire
action potentials activating then the regulated local neuronal circuit. If you compare the
normalize averages of both time frames (control and CGP) it goes from 0.983 to 1.538 in
the LS pyramidal neurons, and in the non-LS pyramidal neurons the averages go from
0.996 to 0.928). This indicates that the difference in the LS cells is much greater and it
seems that it has a more relevant role than in the non-LS cells where only the increase in
amplitude or frequency is seen, but they fire anyway, while in the LS pyramidal neurons

the GABAgRs have a regulatory role since they go from not firing to fire when you block
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these receptors. So that, we suggest an important and specific role of GABAgRs on LS

pyramidal neurons.
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Figure 8.11. Comparison of the effect of GABAgR blockers on LS and non-LS
pyramidal neurons.

For comparison between LS and non-LS neurons in this figure we show
superimposed the same average data taken plotted in figures 8.9C and 8.10C; red
symbols are for LS pyramidal neurons and black symbols for non-LS pyramidal

neurons.
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8.2.3. Currents evoked by the direct application of GABA on LS and
non-LS pyramidal neurons
The above experiments using GABAgsRs blockers suggest the presence of an
inhibitory response caused by this type of receptors. To disclose the presence of responses
caused by GABAsRs in LS neurons we recorded the currents caused by the direct
activation of these receptors by direct GABA application; with this experiment we tried
to isolate the membrane currents generated by GABAgRs and to analyze their properties.
To do that we recorded the currents evoked in LS and non-LS neurons by the direct
application of GABA on the recorded neuron. GABA was applied by pressure pulses (20
ms duration) delivered with a Picospritzer and using patch pipettes filled with 1 or 0.1
mM GABA dissolved in mACSF. First, we did some recordings using pipettes filled with
mACSF in order to prove that there was no mechanical effect of the direct application of
drugs by pressure pulses. Next, we added to the mACSF 10 uM CNQX (a
competitive AMPA/kainate receptor antagonist) in order to block possible response due
to glutamate receptors and isolate the currents carried by GABA Rs (GABA4Rs and
GABAgRs) (Figure 8.12A). Then, we recorded currents evoked by GABA in different
conditions (Figure 8.12A): mACSF + 10 uM CNQX (figure 8.12A) blocking the
AMPA/kainite currents; mACSF + 10 uM CNQX + 10 uM CGP52432 (blocking
GABAGRs and isolating GABA, currents; figure 8.12B), and mACSF + 10 pM CNQX +
20 uM Bicuculline (blocking GABA, receptors and isolating GABAj currents; figure

8.120).

122


https://en.wikipedia.org/wiki/AMPA_receptor
https://en.wikipedia.org/wiki/Kainate_receptor
https://en.wikipedia.org/wiki/Receptor_antagonist

200pA |
B 200ms

E 10 o

< 90 —39/0\ -30

g o 1 N Q=0
Q

B

& P
-10 / Vm

-20

Figure 8.12. Membrane currents recorded in a LS pyramidal neuron evoked by
the direct application of GABA. (A-C) Membrane currents recorded at different
membrane potentials in mACSF + 10 uM CNQX (panel A), in mACSF + 10 uM
CNQX + 10 pM CGP 52432 (panel B) and in mACSF + 10 uM CNQX + 20 uM
Bicuculline (panel C). The pressure pulse that ejected GABA from the ejection
pipette preceded in approximately 10 ms the onset of the currents. The current
traces are shown superimposed respect to the baseline just before the onset of the
currents. The downward deflections in A and B are action currents evoked by large
depolarizing voltage pulses. A and B are from the same neuron. (D) Current
measured at the peak (left arrow in A) in panels A (black symbols), B (red symbols)
and C (blue symbols) plotted respect to the membrane potential. (E) Current
measured at the end of the response (right arrow in A) in panels A (black symbols),

B (red symbols) and C (blue symbols) plotted respect to the membrane potential.
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We did this type of experiment in LS and non-LS neurons and the reversal
potentials of the currents evoked by GABA in these conditions were calculated from the
linear regression of the plot of the current versus the membrane potential, and the values

obtained are given in table 1.

mACSF mACSF + Bic  mACSF + CGP
LS neurons -55.6 £3.5 -23.5 -59.3+1.7
n="7 n=1 n=2
Non-LS neurons -55.8+4.4 -26.2 -56.5+ 6.7
n=9 n=1 n=4

Table 8.1. Reversal potentials (in mV) of the currents evoked by the application

of GABA in LS and non-LS pyramidal neurons.

These data show the presence of a clear component due to the activation of
GABA\ receptors, which was blocked by Bicuculline and had a reversal close to the Cl
reversal potential in our experimental conditions (-68 mV), but does not reveal any
current caused by the activation of GABAgRs, since in the presence of CGP 52432 there

was no change in the reversal potential of the GABA evoked currents. However, the
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number of neurons studied was low, and we cannot also discard that the presence of small
GABAj currents relative to very large GABA, currents, which should produce a very
small change in reversal potential when blocked by CGP 52432. We do not know the
origin of the small currents recorded in the presence of Bicuculline (Figure 8.12C) that
had reversal potential of -23.5 or -26.2 mV; however, this experiment was done only in

one LS and in one non-LS pyramidal neurons and this result was not conclusive.
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9. DISCUSSION

During this thesis project we have studied the electrophysiology of the pyramidal
neurons of GRSC L2/3 in mice and their synaptic responses to cortico-cortical axons.
We revealed the presence of two electrophysiological types of pyramidal neurons in the
dorsal part of this cortical area: several neurons, about 60% of the whole sample, showed
a prominent LS firing pattern similar to the pyramidal neurons of L2/3 of GRSC in the
rat (Kurotani et al., 2013); these particular cells were classified as “LS pyramidal
neurons”. The remaining pyramidal neurons presented a RS pattern very similar to the
pyramidal neurons located in L2/3 of other cortical areas, involving the dysgranular
RAC (area 30; Sempere-Fernandez et al., 2018) and were classified as “non-LS pyramidal

neurons”.

Since it was quite common to find neurons pairs formed by an LS pyramidal cell
and a non-LS pyramidal cell whose soma was separated by less than 50 um, we could say
that our data from simultaneous paired recordings revealed that LS and non-LS
pyramidal neurons were readily merged in the dorsal part of the GRSC. This neuron
mixture proposes that the dorsal part of the GRSC is a transition area between the more
ventral GRSC (where only are LS neurons in L2/3) and the dysgranular RSC placed

dorsally, where only RS pyramidal neurons are found.
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9.1. Classification of pyramidal neurons in L2/3 of the GRSC

We classified as a first step choosing the smaller pyramidal soma as LS pyramidal
neuron and then we compared it using intracellular parameters as they are described in
rat as a classificatory criterion (Kurotani et al., 2013). Moreover, we added more
parameters to the list from the previous study. However, apart from statistical differences,
we had a limitation because of the overlapped values in some cases. Fortunately, we found

one parameter which was not overlapped in any case: the time to fire the first spike.

Additionally, we can complete and improve this classification using our cell
reconstructions by Neurolucida software in order to quantify the morphological
parameters such as soma, dendrites, arborizations of our cells, etc, by Imaris software
afterwards as a next step. A good improvement would be to carry out quantitative analysis

of these morphological characteristics.

9.2. Electrophysiological properties of LS pyramidal neurons
and differences with non-LS pyramidal neurons in L2/3 of the
GRSC

As we said above, in a previous study it has been said that there are a distinctive

population of neurons in layers 2/3 of the rat RSC, with a common output, strong apical
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dendritic bundling, and shared unusual firing properties (Kurotani et al., 2013). Similarly,

we found the same population in layers 2/3 of the mice RSC at 14-22 postnatal days.

Our results showed a higher input resistance in LS neurons comparing to non-LS
neurons in L2/3 of mice RSC. These values are comparable to those of Kurotani’s
laboratory in rat. On the one hand, the rat LS cells have an elevated input resistance too,
but the value is higher than mice and, on the other hand, non-LS cells exhibit a similar
value between both animal genus (Kurotani et al., 2013). Regarding to the duration of
action potential at half amplitude (50%), we have obtained shorter values in LS cells and
in non-LS neurons unlike the longer results in rat (Kurotani et al., 2013). Furthermore,
we also found in mice more significant differences as duration of action potential at
baseline being shorter in LS cells; the time to fire the first action potential by depolarizing
pulses is longer in LS neurons than in non-LS neurons; the threshold is more positive in
LS neurons than in non-LS neurons; the posthiperpolarization (measured from threshold
to peak) is bigger in LS neurons than in non-LS pyramidal neurons; the adaptation in
firing frequency (first versus last ISI at 2x rheobase) is smaller in LS pyramidal neurons
than in non-LS neurons; and finally, the voltage sag from hyperpolarizing current
injections is smaller too in LS pyramidal neurons, in fact, there is no voltage sag almost in
these cells comparing to non-LS pyramidal neurons. Nevertheless, the most important
measure is the time to fire the first spike because of being the only one without overlapped

as it is said above.
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It has been shown the presence of neurons presenting a LS firing pattern in other
rodent cortical areas related to the RSC and involved in spatial formation processing. In
the superficial layers of the presubiculum, where is reciprocally connected with the GRSC
(Van Groen & Wyss, 1992), there are pyramidal-like neurons with a clear LS firing pattern
(Aabbasi et al., 2013). In the medial entorhinal cortex, where connections from the RSC
are received (Van Groen & Wyss, 1992), L2 non-stellate pyramidal-like neurons also
present a LS firing pattern (Alonso & Klink, 1993). Finally, in the perirhinal cortex there
have been reported small pyramidal neurons in L2/3 with LS firing pattern too (Faulkner
& Brown, 1999); in this cortical area there are also LS neurons in L6, but not pyramidal
in this case. Considering neurons showing a LS firing pattern could be involved in the
integration of responses with distinct timing (Kurotani et al., 2013), in other words, these
neurons could be part of neural circuits provided with specific timing capabilities for
signal processing. A master student from our laboratory, did experiments regarding Ia,
which is a fast-activating and inactivating outward K* subthreshold voltage activated
current that activates at Vm=-50mV approximately and works against depolarization. It
generates a change in membrane voltage enough to delay the action potential firing and
generates the LS firing pattern. The I current is known to be a regulator of the repetitive
action potential firing and membrane excitability in other neuron types and other cortical
regions as we said to. Moreover, apart from persistent and transient inward currents,
repetitive firing and the waveform of the action potential depends on the K* channels
expressed in particular cell types. These K* channels have a principal role in determining

the interspike interval and in that way in setting the neuron firing frequency.
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Furthermore, they regulate the shape of action potentials too determining Ca®* influx at
presynaptic terminals. A good review of cellular signaling properties in microcircuits in
2005 (Toledo-Rodriguez et al., 2005) explained that Kv1l, Kv2 and KV4 subfamilies are
activated at membrane potentials under the spike threshold (low-voltage-activated,
delayed and delayed-rectifying channels). Channels which are classified under the
delayed-rectifying Kv3 subfamily activate only at membrane potentials well over the spike
threshold. In addition, other types of K* channels are activated by intracellular Ca** (SK
family channels), a combination of voltage and Ca?* (BK channels), or Na** (Slo2
channels). But the most powerful intrinsic factor determining the frequency of firing
neurons is the late afterhyperpolarization following each action potential. Deep and
prolonged afterhyperpolarizations characterize neurons with low regular firing, while
small afterhyperpolarizations favor high firing rates. Curiously, the expression of Kv3.4
and Kv3.1 also supports high-frequency firing, and could involve Kv2.1 in spike
repolarization at high firing frequencies in some cells. Other correlations involve
expression of A-type K* channel Kv4.2 with delayed firing onset and accommodation and
expression of delayed-rectifier K* channel Kvl.1 with suttering and irregular spiking
behavior (Toledo-Rodriguez et al., 2005). In other study, it was published that the
excitatory interneurons interact to promote a burst, and its activity terminates in a
predictable way. This research showed that the main cause is spike-train adaptation,
resulting from activation of Ca**-dependent K* channels, which generates the post-spike
after-hyperpolarization, which is the main determinant of firing frequency. The post-

spike afterhyperpolarizations are summated, which results in a frequency adaptation that
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is greater the large the post-spike afterhyperpolarizations. In addition, Ca** entry through
NMDA channels leads to a general activation of Ca**-dependent K* channels, which
promotes burst termination (Grillner et al., 2005). So that, this findings support the fact
that the specific LS firing pattern due to K* channels let LS pyramidal neurons play a

sizeable and precise role in these cortical circuits.

9.3. Innervation of LS and non-LS pyramidal neurons by

cortico-cortical axons

Our finding that LS neurons had very different responses than non-LS neurons
during the propagation of epileptiform discharges as it is shown in Figure 7.4 of our paper
(Robles et al., 2020). This strongly suggests that both types of pyramidal neurons, while
being closely placed in the dorsal part of the GRSC, had very different axonal afferences,
since LS showed late small (always subthreshold EPSPs) and non-LS showed early, large
(always suprathreshold) EPSPs that fired bursts of action potentials. This result also
suggests the presence of different local neuronal circuits involving LS and non-LS neurons
and opens two important questions respect to the role of LS neurons in the GRSC. First,
which mechanisms cause this smaller synaptic response during epileptiform discharges?
And second, are the interconnections of LS pyramidal neurons within the GRSC different

from those of non-LS pyramidal neurons?
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To investigate these possibilities with more detail we studied the responses of LS
and non-LS neurons to two different examples of incoming cortico-cortical axons: (1)
contralateral axons (originated in the homotopic contralateral cortex) that are a model of
long-range axons and (2) ipsilateral horizontal axons (activated by stimuli applied to the
ipsilateral L2 at different distances from the recorded neuron), which are an example of
both short- and long-range axons (depending of the distance between the stimuli and the
recording neuron). With these experiments we tried to disclose differences in the

innervation of LS and non-LS neurons.

As it is mentioned in our publication (Robles et al., 2020), some groups like
Boucsein’s laboratory suggest that the bulk of axons targeting pyramidal neurons most
likely originate from outside this local range, emphasizing the importance of horizontal
connections in rat neocortex. The decay space constant of horizontal connectivity was
highest in layers 2/3 and 6A, showing that these layers are the principal sources of
horizontal projections to pyramidal neurons of L5b (Schnepel et al., 2015). It is known the
vast majority of synaptic connections, about 50-75%, a neuron receives actually inputs
originated from outside the local volume. In other words, it has been hypothesized that
horizontal projections could even dominate cortical network dynamics. Finally, these
projections may also serve to reduce noise correlations and trial-by-trial variability and
thereby improve signal detection in the neocortex (Churchland et al.,, 2010; Cohen &
Kohn, 2011; Schnepel et al., 2015). In addition, the apparent lack of specificity may also

suggest a more general role for horizontal projections, which is probably more accessible
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through statistical descriptions and modeling of cortical network dynamics (Schnepel et
al., 2015). However, until few years ago, cortical information processing at the cellular level
has predominantly been studied in local networks, which are dominated by strong vertical
connectivity between layers. For that we expanded L2/3 experiments recording pair of
neurons between L2/3 versus L5b in order to discard if the small PSPs of LS neurons of
L2/3 were due to afferents from pyramidal neurons of L5b. Along these lines of thinking,
strong local connectivity will generally lead to strongly correlated activity in subnetworks
of the neocortex, whereas a broader dispersion of presynaptic cells tends to reduce
correlations and the overall amplitude of membrane potential fluctuations caused by the

so-called ongoing activity.

Our results may have two potential problems related with the way of recording of
synaptic responses. First, in the experiments of long-range stimulation it was possible that
the recorded responses (or part of them) could be caused, not by long-range afferent
axons impinging on L2/3 neurons, but by local collaterals of neighboring pyramidal
neurons activated antidromically by the electrical stimuli; this is particularly important
with respect to the contralateral stimulation, given the symmetrical bilateral structure of
the callosal fibers. In our whole sample of neurons, we did not record a single case of
antidromic activation in response to contralateral explanation, nor in LS neither in non-
LS neurons. This observation makes very unlikely that the synaptic responses recorded
after contralateral stimulation could be caused by local collateral branches of the axon of

neurons activated antidromically. This lack of antidromic responses was in contrast with
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the dysgranular RSC, where a very small proportions of L2/3 pyramidal neurons fire
antidromically (<10% with maximal stimuli) (Sempere-Fernandez et al., 2018). Second,
for voltage-clamp recordings we used an intracellular solution based on K-gluconate,
instead of a solution based on cesium as the main intracellular cation. The reason for
doing that is that with intracellular cesium it was impossible to identify LS and non-LS
pyramidal neurons, given that the firing pattern changed drastically. However, as we have
noted before, the data on the time course of the synaptic responses discard that small
responses recorded in LS neurons were located in distal dendrites in comparison with
large responses recorded in non-LS neurons, making less relevant the use of intracellular
cesium. Also, the increase of input membrane resistance caused by the use of cesium
would be more relevant in non-LS neurons making larger the synaptic responses recorded

in these neurons and thus further increasing the difference with LS neurons.

In primary sensory systems, horizontal projections have been implicated in several
mechanisms, ranging from spatio-temporal information processing over surround
suppression to sensorimotor interactions. Since all types of principal neurons as well as
interneurons in all layers are possible targets of horizontal projections (Schnepel et al.,
2015), it will be crucial to investigate the horizontal connectivity of other cell types. The
laminar targeting of L2/3 axons is therefore likely to be determined by the molecular
identity of the postsynaptic neurons, rather than by patterns of activity or diffusible

gradients (Petreanu et al., 2007). We provide evidences that LS and non-LS pyramidal
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neurons were integrated in different neuronal circuits, despite that the fact that these two
types of neurons were at close proximity. Our data on glutamate application and
stimulation of long-range axons (of both ipsi- and contralateral origin) showed that non-
LS neurons received cortico-cortical synaptic contacts originated in both local and long-
range axons (more than 250 um); in contrast, cortico-cortical axons of local origin (less
than 250 pm) innervate LS pyramidal neurons. Long-range mean axon originated in the
contralateral cortex (callosal axons) or axons originated in the same hemisphere but no
longer than 250 um from the recorded neuron. In addition, the results of the analysis of
synaptic responses evoked by stimulation of long-range cortico-cortical axons, either
ipsilaterally or contralaterally, reinforced this finding. The big difference in EPSC size and
the close proximity of LS and non-LS neurons imply that incoming long-range axons
arriving in L2/3 of the GRSC selectively innervate non-LS pyramidal neurons. The fact
the E/I balance was similar in LS and non-LS neurons discard that the size difference of
the synaptic responses was caused by intrinsic synaptic mechanisms. This selective
innervation by long-range axons implies that LS and non-LS pyramidal neurons are
integrated in different neuronal circuits, accordingly participating in different functions.
During epileptogenic discharges evoked in the disinhibited cortex, non-LS fired intensely,

whereas LS only presented subthreshold synaptic responses.
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Figure 9.3.1. Local neuronal circuit scheme of L2/3 GRSC.

Another reason to the distinct size in the synaptic recorded LS and non-LS
pyramidal neurons is that afferences originated in long-range axons were similar for both
types of neurons but having different somato-dendritic localization in both types of
pyramidal neurons. In LS pyramidal neurons the synapsis may be located in distal
dendrites whereas in non-LS pyramidal neurons the synapsis might be located in
proximal dendrites. In fact, in L5 thick tufted pyramidal neurons, it has been described
that synaptic contacts formed on the apical dendrite are not scaled in respect to the
distance from the soma and thus distal contacts produce smaller somatic synaptic
responses than proximal contacts (Williams & Stuart, 2002). However, this possibility is
unlikely because the rise time values and the time course of the decay phase of the EPSCs
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from LS and non-LS did not support this possibility; in fact, the decay time was similar in

both neuron types and the rise time was even shorter in LS neurons.

Comparing to other cortical areas, what happens between LS and non-LS
pyramidal neurons of L2/3 of the GRSC, could be similar to what happen in L2 of the
medial entorhinal cortex. Witter’s lab suggests that the lack of evidence for excitatory
stellate cell to stellate cell connectivity was not due to a cutting artifact of the slice
preparation or a biased sample of only local connections between spatially associated
clusters (Couey et al., 2013). And they also proposed that the fact that a minimal
inhibitory connectivity pattern between L2 stellate cells is present in medial entorhinal
cortex, and that a model based on a network with these biological properties could
generate grid activity, raises the possibility that similar mechanisms are used in other
parts of the cortex where pattern formation is considered to be a crucial component in
information processing. Moreover, at Jeffery’s laboratory it was observed the dominance
of neural activity by local environmental cues even when these conflict with the global
head direction signal (Jacob et al., 2017). This support our thinkings of separated local
circuits between non-LS neurons, because the vast majority of them are in dysgranular

RSC, and LS neurons, almost all of them, are in the GRSC.

Regarding development, the data was obtained from 14 to 22 postnatal days in
mice and it is known that the postnatal development of the cortical circuit is still not

completed at this age and thus we cannot exclude the possibility that further circuit
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refinement might participate in the mechanisms controlling pyramidal neurons firing
and the different coding strategies of L2/3 and L5 pyramidal neurons. However, we did
the same experiments of individual recordings in two P30 mice, and we obtained exactly
the same results. A next step could be to check if we have the same local circuits at
different ages studying this in adult mice. An example could be what Angulo et al., (1999)
presented with changes in the L5 pyramidal neurons to FS interneuron excitatory
connections from 3 to 5 postnatal weeks, particularly a switch from paired-pulse
depression to paired-pulse facilitation that confers L5 pyramidal neurons wider
integrative capabilities at 5 weeks of postnatal age. So that, the possibility of later
refinements of the afferent connections formed on LS and non-LS pyramidal neurons is
opened since cortical circuits are not fully developed at this postnatal developmental
stage. In addition, there is a study related to maturation reporting that L2 GRSC neurons
are developmentally distinctive, characterized by late migration from the subventricular
zone during the first postnatal week (Zraggen et al., 2011). So that we think that we should
do more experiments in adult mice to be completely sure that these differences are

permanent with age.

9.4. Role of inhibition in LS and non-LS pyramidal neurons

Thanks to the analysis of the latencies of the excitatory and inhibitory synaptic

responses evoked by cortico-cortical axons, it is suggested that the responses to
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contralateral axons were disynaptic in LS pyramidal neurons, in contrast to non-LS
pyramidal neurons, making a sort of feed-forward excitation. We do not know the origin
of these disynaptic responses on LS neurons, but a reasonable possibility is that they are
originated in those neighbouring non-LS neurons firing in response to large EPSCs. The
proportion of non-LS neurons firing in response to ipsi- or contralateral stimuli was really
higher than LS-neurons and the probability of interconnections of L2/3 pyramidal
neurons (0.1-0.15, Avermann et al. 2012; Holmgren et al. 2003) would support this
possibility. However, we must say that we did not find a single case of non-LS to LS
monosynaptic connection among our sample of simultaneously recorded neuron pairs.
Moreover, in our lab it has been reported that PV-FS interneurons from superficial layers
responded larger PSPs and were more often recruited by the stimulus than L5 PV-FS
interneurons from GRSC (Sempere-Fernandez et al., 2019). So that, there is more
inhibitory activity on L2/3 according to the smaller responses of the LS pyramidal neurons
on L2/3 of the GRSC. According with these results, we can think that LS pyramidal
neurons play a sizeable and unique role in a local manner and these neurons are really

controlled by inhibitory system.

For better understanding that cortical neurons operated the synaptic nature of the
integration process during sensory processing, it was crucial to set up quantitative
methods which allow inferring the level of conductance change evoked by the sensory
stimulation and, consequently, the dynamics of the E/I balance. We know that each

neuron received 2500 excitatory and 500 inhibitory inputs from the recurrent network,
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in other words, 1/5 of neuron connections are inhibitory (Schnepel et al., 2015). So that a
quantification step is to measure conductance changes seen at the soma, reflecting more
directly the functional impact of synaptic input on the spike trigger mechanism. A
research (Koch et al., 1993) estimated that the shunting inhibitory effect would
significantly reduce the amplitude of the EPSP but somatic input conductance increased.
Large rises in input conductance, after electrical stimulation of the cortical surface and
during exogenous iontophoretic application of GABA, were found in cortical neurons up
to 300% (Monier et al., 2008). In vitro, using also the current pulse injection, it was
demonstrated during electrically evoked hyperpolarization in slices of rat and cat visual
cortex that huge conductances increases (Berman et al., 1991). As well as it was revealed
that 200% changes in input conductance during electrically evoked inhibition in cortical
pyramidal neurons (Connors et al., 1988). These distinct results extensively supported the
point that excitation and inhibition would interact in different ways in the in vitro slice

and the intact in vivo network as Frégnac’s laboratory proposed (Monier, et al., 2008).

To support that, as it has been commented before, there is a study from Witter’s
laboratory where using whole-cell cluster recordings and a simplified uniform inhibitory
attractor model in rat entorhinal cortex, they reached the conclusion that inhibitory
microcircuitry between stellate cells, principal cell type in L2 grid network of medial
entorhinal cortex, is sufficient to generate grid-cell firing patterns in L2 of the medial
entorhinal cortex (Couey et al., 2013). Moreover, the last study demonstrated that these

grid cells are mainly interconnected via inhibitory interneurons and its grid firing can
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emerge from a simple recurrent inhibitory network. Furthermore, other research
concluded that the absence of grid cells in lateral entorhinal cortex predicts a different
organization of the L2 principal cell microcircuit if the local microcircuit design of L2
medial entorhinal cortex excitatory cells is crucial for generating grid cell firing.
Considering the fact that inhibition control microcircuits of both pyramidal and stellate
cells in medial entorhinal cortex, although supplied by different interneuron types,
similar cell types in lateral entorhinal cortex (e.g. the fan and pyramidal cell) might have
a circuit structure where monosynaptic connectivity prevails. Their data from pair
recordings of fan cells suggests that direct communication is present, but not prevalent,
between cells of this type. Synaptic interactions is limited between stellate cell and
pyramidal cell networks according to said in available data about the little monosynaptic
connectivity between stellate and pyramidal cells (Ohara et al., 2019). This indicate the
presence of two isolated subcircuits within L2 of the medial entorhinal cortex.
Nevertheless, it must be taken into consideration that networks might be coordinated
through one of the intermediate cell types, like intermediate pyramidal cells, which have
been described to form synaptic connections with both stellate and pyramidal cells. This

could be comparable to our research.

Our results could be compared and supported by the research of Schmitz’s
laboratory where they concluded that the network topology contributes to the functional
diversity of subicular pyramidal cells observed during sharp-wave associated ripples since

they showed that in the subiculum a subset of pyramidal neurons is activated, while
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another subset is inhibited during ripples. The cell subtype is what predetermined these
functionally subgroups. The cell subtype specific discrepancies extend into the local
network topology, being reflected in an asymmetric wiring scheme where bursting cells
and regular firing cells are recurrently connected among themselves but connections
between subtypes exist from regular to bursting cells exclusively. Moreover, it is known
that inhibitory connections are more numerous onto regular firing cells than onto

bursting cells (Bohm et al., 2015).

Finally, another point of view could be that membrane properties variations
ultimately determine the way in which these neurons integrate multiple synaptic afferents
from different sources as it is proposed in a research from Gaspar’s laboratory where they
saw changes in the expression of glutamatergic, GABAergic or peptide membrane
receptors among the sample of 153 5-HT (5-hydroxytryptamine or serotonin) raphe
neurons analyzed through scRT-PCR analysis. Therefore, variations in the expression of
in excitatory/inhibitory receptor do not contribute to the differences in excitability that

were observed in other study (Fernandez et al., 2016).

To sum up, we think that LS pyramidal neurons are silent and controlled by
interneurons in standard conditions. According to that, Kurotani’s laboratory concluded
that the transverse propagation of IPSPs in coronal slices is mediated by GABAergic
interneurons, which possibly suppress or modulate superficial neuronal cascade activities

(Nixima et al., 2017).
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9.5. Site of action of GABA3s dependent inhibition

9.5.1. GABA Blockers

We can say that LS cells display a change in their response against two distinct and
specific GABA; blockers unlike the rest of the cells of L2/3 mice GRSC. Nevertheless, it
would be interesting to do more experiments to increment the number of cell of each type

of neuron to complete this pack of experiments.

Besides we have got along sweeps the increment of value amplitudes of PSPs in
both types of neurons when we applied the two different specific GABAs blockers. On
this occasion we remark that in the case of LS cells there is a clear increase of amplitudes
of EPSPs unlike other cells. The effect of GABAg blockers is more sizeable in LS cells than
non-LS cells again. Nevertheless, we should measure with the non-LS response in front to
specific GABA; blocker in order to compare responses in a better way because we
appreciate an increment in frequency and a change in response, but we measured like a
simple small LS depolarizations without taking into account the spikes from non-LS

neurons.

According with that, it is known from developmental studies in L2/3 of rat

somatosensory and visual cortex that polysynaptic excitation is regulated by slow
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inhibition because, on the one hand, in the feedback pathway large-amplitude
polysynaptic EPSPs were longer lasting and showed a late component whose onset
coincided with that of slow IPSPs. On the other hand, in forward pathway these late EPSPs
were only seen with stimulus intensities that were below the activation threshold of slow
IPSPs (Shao & Burkhalter, 1999). So the hyperpolarization that we can see may be an
effect of GABAgRs. It has been proposed that a constant release of the transmitter is
enabled by the high-frequency firing of GABAergic interneurons, leading to diminish the
neuron excitability of the microcircuit. Targeting Kv3 channels using modulators or
mutations interfer with the firing of these inhibitory neurons compromising the release
of GABA (Toledo-Rodriguez et al, 2005). This fact impairs the function of the

microcircuit due to the changes in the excitability.

Generally, the effects of GABA-mediated inhibition on neural circuit function are
multifaceted (Sebe et al., 2014a). Thanks to baclofen disinhibitory effects in the cerebral
cortex proposes that GABAsR might be important regulators of synaptic plasticity in
many brain regions (Mott & Lewis, 1992). While many antiepileptic medications act by
increasing synaptic GABAergic current, elevated levels of extrasynaptic GABA current

are associated with epilepsy (Sebe et al., 2014a).

First, in a study in 2014, it was seen difference between effects against GABAgRs
agonist SFK97541 on cortical and hippocampal after discharges and they said that it might

be due to different distribution on interneurons and their relationship with principal
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neurons in the two structures. In addition, they suggested that this distribution has more
tight connections in neocortex (Fabera & Mare§, 2014). We think that it is possible that
there is a distinct distribution on interneurons and their relationship with principal
neurons between LS cells and the rest of cells in L2/3 of mice RSC at 14-22 postnatal days.
Maybe LS cells are more connected with interneurons than non-LS cells. Therefore, the
effect of inhibitory system seems more valuable on LS cells. Third, functionally, the data
of Kinney’s lab agreed that proper functioning of GABAgR is crucial for numerous
learning and memory tasks and that targeting this system via pharmacological may

benefit several clinical populations (Heaney & Kinney, 2016).

Second, in an investigation of ontogeny of GABAg binding in rat brain in 1994, it
was described that GABA; binding peaked in the neocortex and thalamus is leaded at
postnatal day 14 and binding decreased at postnatal day 28. GABAgRs antagonist CGP
54626A, however, inhibited binding thalamus and neocortex strongly at postnatal day 7
than in the adult brain (Turgeon & Albin, 1994). Because of that it is credible that there
are discrepancies between LS cells and non-LS cells in our region at 14-22 postnatal days
in mice. In the last study, it was revealed thanks to saturation analyses two binding sites
with comparable affinities in both immature and mature adult brain, showing that
postnatal modulation of GABA; binding reflects changes in binding site density rather
than modulation of binding site affinity. This argues that GABA binding sites might have
a different pharmacological profile in immature brains (Turgeon & Albin, 1994). An

important point to take into account is that in interneurons the reversal potential for
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chloride ions changes as they mature, and so that GABA becomes hyperpolarizing when
it occurs. This variation turns ambient GABA into a stop signal for migrating
interneurons since hyperpolarizing GABA diminishes the intracellular calcium transients
frequency (Bartolini et al., 2013). That makes us think that it is possible that there may be
a different level of maduration between LS cells and non-LS cells in the region of study.
To support that, another publication in 2006 of Mares mentions that the role of GABAg-
mediated inhibition in epileptogenesis depends on the type of seizures and also on the
stage of maduration too (Mares & Slamberova, 2006). There is a developmental
irregularity because we can see opposite effects or failures of agonists and antagonists of
GABAgRs between early postnatal days (e.g. 12 and 18) and 25 posnatal day, in other
words, between immature and mature brain ( Ben-Ari, 2013; Bolton et al., 2015; Fabera

& Mares, 2014; Mares & Slamberovd, 2006; Sebe et al., 2014a; Turgeon & Albin, 1994).

All these suggestions coincides with the general information about circuits which
are generally in agreement that circuits during development are more readily engaged in
epilepsies and seizure manifestations than adult circuits as we said in the introduction. So
all voltage and transmitter gated currents vary in young and adult neurons virtually (Ben-
Ari, 2013). Then at 15 postnatal day it is performable the epileptiform activity and
different level of maturation between cells, being non-LS cells the most excitables and
immatures than LS cells. To understand that, one reason may be that GABA operates
differently because of a difference in chloride gradient as immmature neurons have a

higher intracellular concentration of chloride. This is due to early expression of a chloride
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cotransporter, NKCCI1, which loads immature neurons with chloride and delayed
expression of a chloride extruder, NKCC2 (Ben-Ari, 2013; Bolton et al., 2015). Moreover,
KCC2 is expressed earlier in female rodents, suggesting a sexually dimorphic maturation
of the developing nervous system (Bolton et al., 2015). The consequence of this difference
is that a major source of inhibitory drive is lacking in immature neurons and this entrains
a lower threshold for seizures generations. Another general reason is the earlier
maduration of GABAeric signals that precede the formation of glutamatergic synapses
like a pioneer system that operates by default with its synapses being automatically
formed when the pre and postsynaptic elements meet (Ben-Ari, 2013). The last paper also
affirms that these variations during development are characterized in humans and
animals with a unique difference being that these variations mainly occur during the fetal
stages of development in humans, while there is a shift towards the postnatal period in

rodents, showing that is is more related to brain development rather than to birth.

An irregular development of pre- and postsynaptic GABAgRs and at least
quantitative variations if these receptors in pharmacological sensitivity in the cerebral
cortex were demonstrated. Release of both glutamate and GABA is suppressed by
presynatic GABAgRs and the effects on inhibitory and excitatoory presynaptic terminals
may be change during ontgeny. In rat cerebral cortex, the representation of two GABAgR
splice variants show opposite developmental trends- GBla diminishes and GB2b rises
with age. Laminar distribution of GABA§R protein in the somatosensory cortex varies too

during early development, the affinity of both GB1la and GB1b for baclofen rises with age.
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Accordingly, it supports as we said that LS cells are more mature cells than non-LS cells
and have GABAgRs more developed to respond more specifically to agonists and
antagonist, with more affinity in mice. We tried to do immunohistochemistry with
commercial antibodies but we did not obtain clear result. For that, we should create a
handmade antibody discriminating both subunits of GABAgRs thanks to the sequence of
aminoacids showed in several studies (Calver et al., 2000) because it is an heteroreceptor
and it is known that GABAg1 isoforms, present only in neurons (Kasten & Boehm, 2015),
exhibit pharmacological and/or functional differences in vivo (Vigot et al., 2006). We
would be interested in GABAgla due to it is the one which inhibits Glutamate release
presynaptically on axon terminals and dendritic branches and it is involved in
hyperactivity, seizure activity, protection of depressive phenotypes, and memory
maintenance. In contrast, GABA;1b that mediates postsynaptic inhibition on dendritic
spines is involved in susceptibility to depression-like phenotypes and impaired memory
formation (Kasten & Boehm, 2015; Vigot et al., 2006). These findings could be interesting
to see the distribution of GABAzR in the whole RSC so that we could distribute and
compare with other techniques several frequent pathologies associated with this receptor

type like cognitive, anxiety and depressive impairments (Kasten & Boehm, 2015).

Regarding to this, in adult rodent, oscillatory function and numerous behavioural
domains have been linked with GABAgRs activation (Bolton et al., 2015; Heaney et al.,
2013). Furthermore, the majority of inhibitory tone in early postnatal life is provided by

GABAgRs during rodent development. So that, the role of GABAsRs is particularly
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important in the absence of GABAaR-driven inhibition considering that synaptic
connections begin around the time of birth and adult-like features (extensive growth of
axons and dendrites) (Bolton et al., 2015). This is the same that we found in our
experiments because at the last day of second postnatal week and the beginning of the
third postnatal week with an antagonist of GABAAR, Bicuculline, it appears an essential

effect on GABAgR in LS cells to let their to fire action potentials.

9.5.2. GABA Application

Our experiments of direct GABA application apparently discord the possibility of
a postsynaptic component, therefore the action of GABAs could be presynaptic. The
depolarization of human neocortex nerve terminals which are evoked by Glutamate and
GABA release can be affected distinctively through pharmacologically different
GABAgRs, and GABA; autoreceptors sited on GABA-releasing terminals vary
pharmacologically from the GABAjp heteroreceptors sited on glutamate-releasing
terminals (Bonanno et al., 1997; Chalifoux & Carter, 2011; Fabera & Mare$, 2014). In
other study, application of CGP52432 slightly suppressed optical responses to early
pulses, whereas it enhanced responses to later pulses, suggesting that GABAgR activation
reduced polysynaptic GABAAR activation indirectly via inhibition of presynaptic GABA
release (Fujita et al., 2011) like CGP56999A (Bonanno et al., 1997). Moreover, GABA3Rs
might work as a filter that passes high activities in the cerebral cortex, not low, and maybe

this is what it happening in our conditions in LS cells. The findings of Fujita and his lab
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mates reinforce the chance that GABAgR agonists might suppress moderate excitatory
propagation in cerebral cortex. Nevertheless, GABAsR agonists may be ineffective as
suppressors of excitation in response to more intense neural activity (Fujita et al., 2011).
Regarding this, another possibility could be that non-LS cells have more activity and

GABAGR is not able to suppress that activity completely.

Finally, activation GABA;g and 5-HT receptors produces presynaptic inhibition at
glutamatergic terminals in the rat neocortex (Torres-Escalante et al., 2004). So it would
be interesting to do experiments with all these receptors together in order to understand
what is happening. Furthermore, it was demonstrated that Gabapentin activates
presynaptic GABA3 heteroreceptors, but not GABAg autoreceptors (Parker et al., 2004),

and it may be useful ligand to discriminate between presynaptic GABAgRSs subtypes.

Another study showed that deletion of the Neuregulin Receptor (ErbB4) from
chandelier and basket cells, the two principal classes of fast-spiking interneurons,
produces thin but consistent synaptic defects. Unexpectedly, these small wiring
abnormalities boost cortical excitability, rise oscillatory activity and disrupt synchrony
across cortical regions. It is thought that increased locomotor activity, abnormal
emotional responses, impaired social behavior and impaired cognitive function are
possible factors for these functional deficits. These results support the idea that cortical
fast-spiking interneurons dysfunction may be central to the schizophrenia

pathophysiology (Del Pino et al., 2013). So that, it could explain why in human patients
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with schizophrenia it is very activated the RSC. For that, we can think that LS pyramidal
neurons which form local neuronal circuits in GRSC are really regulated by GABAergic
system and when this inhibitory system is altered, the LS pyramidal neurons are activated

and then they could play an interesting role in schizophrenia.

Last but not least, a research raised the chance that GABAg-mediated disinhibition
may happen in vivo during normal theta activity, thus LTP facilitation in dentate gyrus.
Frequency of the stimuli used to induce LTP could be modified by GABAsRs effects on
LTP induction. Hyperpolarizing GABAg IPSPs could relate the enhancement of LTP by
GABA; antagonists to the suppression of NMDA currents. Furthermore, it was
demonstrated that GABAgRs from CA1 of hippocampus facilitates LTP induction too.
These studies and the disinhibitory effects of baclofen in the cerebral cortex propose that
GABAgRs might be crucial regulators of synaptic plasticity in several brain regions (Mott

& Lewis, 1992).

9.6. Future studies

Considering our results and their limitations, we plan the following studies

concerning the electrophysiology of LS neurons:
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First, to disclose the structure of the local micro-circuits involving LS neurons in

the RSC. This is a complex problem, but we plan two initial approaches. Given that the
latency of the synaptic responses in LS is longer than in non-LS, one possibility is that
horizontal collateral of pyramidal neurons (from which depend the horizontal
propagation of epileptiform discharges) only form monosynaptic connections on LS
neurons while LS neurons are only innervated by feed-forward horizontal axon coming
from local non-LS neurons. The other possibility (approach) is that that the axonal
convergence on LS neurons is lower than on non-LS neurons and / or the single axon
EPSPs are smaller. Bringing together whole-cell recordings of synaptic currents and
photostimulation allows to map circuits between presynaptic neurons (by ChR2
expression) and postsynaptic neurons (targeted patching). Using ChR2-assisted circuit
mapping (CRACM) technique to map from L2/3 of the somatosensory cortex the long-
rage callosal projections, it was showed that L2/3 axons connect with L2/3, L5 and L6 in
both ipsilateral and contralateral cortex, but not L4. Moreover, L2/3 to L5 projection is
stronger in both hemispheres than L2/3-to-L2/3 projection. The results of Svoboda’s
laboratory (Petreanu et al., 2007) propose that a possible identical laminar specificity for

both long-range and local cortical projections.

In addition, until 2016, RSC was considered to be troublesome for in vivo two
photon imaging. However, a study from Czajkowski’s laboratory got good results with
Thyl-GFP transgenic mouse line making possible to research the correlation of

behavioural manipulations with variations in vivo in neuronal morphology. It was
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combined a mCherry-expressing recombinant adeno-associated virus (rAA mCherry
injection into the dorsal hippocampus and the cranial window implantation over the RSC,
and the mCherry expression spreads out from the dorsal hippocampus too the RSC to
axonal projections allowing to see the changes in both presynaptic axonal boutons and
postsynaptic dendritic spines (Lukasiewicz et al., 2016). This methodology sorts out the

poor accuracy that we have got using optogenetics with our apparatus.

Second, to check the different postnatal development and distribution of

GABAGgRs, their subunits as well as modulation of their affinity to GABA, it could be

interesting to do recording pairs experiment in adult mice and also between 5-14
postnatal days. So it could be possible explanation for ambiguous effect of GABAg on 1L.2/3

of mice RSC.

Third, to clarify the role of the GABAg dependent inhibition in LS neurons. The

actions of GABA; blockers on the responses recorded during epileptiform activity shows
the presence of a GABA; dependent component. However, the results of the experiments
of recording the currents evoked by direct application of GABA do not show a
postsynaptic current depending on GABAgRs and this opens the possibility that the
action of GABAgRs is dependent on presynaptic GABAgRs that inhibit the release of
glutamate. So that we could check effects that depend on presynaptic GABAgRs with a

ligand as Gabapentin which activates presynaptic GABAgheteroreceptors but not GABAg
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autoreceptors (Parker et al., 2004) and discriminate between presynaptic GABAgR

subtype.

We did immunohistochemistry against GABAs, the problem that we had was that
the results were not clear, it was not well labelled after several modifications. However,
we found several researches where it is showed the oligonucleotids from each subunit of
GABA;Rs and TagMan fluorogenic probes and developed polyclonal antisera specific to
two splice variants of the GABAg, subunits, GABAgi. and GABAg, as well antiserum to
the GABAg, subunit (Calver et al., 2000; Charles et al., 2001), so that we can build a

specific handmade antibody to improve our results.

Finally, a tempting goal is to get a general model integrating defined anatomical,

neurochemical and electrophysiological features and to recognize functionally crucial
neuron types. Consolidating retrograde tracing and single-cell RT-PCR patch-clamp
recordings, we may achieve multiple neurochemical and electrophysiological properties
of a single LS pyramidal neuron and obtain the first unbiased classification of these ones

based on multiple criteria.
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Conclusions



10. CONCLUSIONS/CONCLUSIONES/
CONCLUSIONS

10.1. Conclusions

1. In the mice GRSC there is a sub-population of pyramidal neurons that show a LS
tiring pattern (LS neurons) and that are located in the superficial L2/3. In addition
to the firing pattern, these neurons have other electrophysiological differences
with the rest of pyramidal neurons in this cortical area (higher input resistance

and shorter action potentials).

2. LS neurons have a different electrophysiological response than non-LS neurons
during the propagation of epileptiform discharges along 12/3: they show
subthreshold postsynaptic potentials that never fire action potentials in contrast
to non-LS neurons, which always fire action potentials in synchrony with the

epileptiform discharges.

3. Long range excitatory axons, either ipsilateral or contralateral, innervate
preferably non-LS pyramidal neurons in L2/3 of the GRSC. In addition, local
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excitatory axons which innerve LS pyramidal neurons are originated in neurons

placed at < 250 um from the soma.

The excitatory responses recorded in LS pyramidal neurons in response to the
activation of long-range axons are disynaptic and probably it is originated in

nearby firing non-LS pyramidal neurons.

The E/I balance between the EPSCs and the feed-forwarded activated IPSCs were

similar in LS and in non-LS pyramidal neurons.

However, this E/I balance was larger in response to ipsilateral than to contralateral
stimulation; this suggests that, in the GRSC, both types of pyramidal neurons in
L2/3 would fire preferently in response to inputs from the ipsilateral hemisphere

that to inputs carried by the corpus callosum.

Simultaneously pairs recorded between L2/3 and L5 pyramidal neurons discard

the possibility that pyramidal neurons from upper L5b send inputs to LS
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pyramidal neurons of L2/3 due to, on the one hand, the responses of LS neurons
did not change and, on the other hand, the probability of these connected pairs is

too low.

. The application of GABA:R blockers increases the synaptic potentials generated
during the epileptiform discharges in LS neurons; this increase is large enough to
reach the threshold and to fire action potentials. This action of GABAzR blockers

is probably mediated by presynaptic GABAgRSs.

. These results are the initial step to study the way in which LS neurons are
integrated in the local cortical microcircuits, as well as to study the role of the

GABAGRs in the electrophysiology of GRSC.
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10.2.

1.

Conclusiones

En la GRSC de ratén hay una subpoblaciéon de neuronas piramidales que
muestran un patréon de disparo LS (neuronas LS) que se encuentran en la capa
superficial 2/3. Ademas del patrén de disparo, estas neuronas tienen otras
diferencias electrofisiologicas con el resto de neuronas piramidales de corteza

(mayor resistencia de entrada y potenciales de acciéon mas cortos, entre otros).

Las neuronas LS tienen respuesta electrofisioldgica diferente respecto a las
neuronas no-LS durante la propagacion de descargas epileptiformes a lo largo de
la capa 2/3: muestran potenciales postsinapticos por debajo del umbral que nunca
llegan a disparar potenciales de accion a diferencia de las neuronas no-LS, las
cuales siempre disparan potenciales de accién en sincronia con dichas descargas

epileptiformes.

Los axones excitatorios de largo alcance, tanto ipsilaterales como contralaterales,
inervan preferiblemente las neuronas piramidales no-LS de la capa 2/3 de la
GRSC. Ademas, los axones locales excitatorios que inervan las neuronas

piramidales LS son originados en neuronas situadas a < 250 pm desde el soma.
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4.

Las respuestas excitadoras registradas en las neuronas piramidales LS en respuesta
a la activacion de axones de largo alcance son disindpticas y probablemente

originadas por los disparos de las neuronas piramidales no-LS vecinas.

El balance E/I entre la activacion de las EPSCs y de las IPSCs fue similar en las

neuronas piramidales LS y no-LS.

Sin embargo, el balance E/I fue mayor en la respuesta a estimulacion ipsilateral
que en la contralateral; sugiriendo que, en la GRSC, ambos tipos de neuronas en
la capa 2/3 dispararian preferiblemente en respuesta a aferencias desde el

hemisferio ipsilateral que a aferencias procedentes a través del cuerpo calloso.

Los registros pareados simultaneos entre neuronas piramidales de L2/3 y L5 de la
GRSC descartan la posibilidad de que las neuronas piramidales de la capa superior
L5b envian aferencias a las neuronas piramidales LS de 1L.2/3 debido a, por un lado,
las respuestas de las LS no cambian y, por otro lado, la probabilidad de que estos

pares estén conectados es muy baja.
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8.

La aplicacion de bloqueantes de GABAgR aumenta los potenciales sinapticos
generados en descargas epileptiformes en neuronas LS; este aumento es
suficientemente grande para conseguir el umbral y disparar potenciales de accion.
Esta accion del bloqueante de GABAgR es probablemente mediado por los

GABABRSs presindpticos.

Estos resultados son el paso inicial para estudiar la via en que las neuronas LS se
integran en los microcircuitos corticales locales, asi como para estudiar el papel

de los GABAgRs en la electrofisiologia de la GRSC.
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10.3. Conclusions

1. En la GRSC de ratoli hi ha una subpoblacié de neurones piramidals que mostren
un patr6 de tret LS (neurones LS) que es troben en la capa superficial 2/3. A més
del patré de tret, aquestes neurones tenen altres diferencies electrofisiologiques
amb la resta de neurones piramidals d'escor¢a (major resisténcia d'entrada i

potencials d'accié més curts, entre d’altres).

2. Les neurones LS tenen resposta electrofisiologica diferent respecte a les neurones
no-LS durant la propagacié de descarregues epileptiformes al llarg de la capa 2/3:
mostren potencials postsinaptics per davall del llindar que mai arriben a disparar
potencials d'accié a diferéncia de les neurones no-LS, les quals sempre disparen

potencials d'accid en sincronia amb aquestes descarregues epileptiformes.

3. Els axons excitatoris de llarg abast, tant ipsilaterals com contralaterals, innerven
preferiblement les neurones piramidals de la capa 2/3 de la GRSC. A més a més, els
axons locals excitatoris que innerven les neurones piramidals LS sén originats en

neurones situades a < 250 mm del soma de les neurones LS.
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4. Les respostes excitadores registrades en les neurones piramidals LS en resposta a
l'activacié d’axons de llarg abast son disinaptiques i probablement originades pels

trets de les neurones piramidals no-LS veines.

5. Elbalang E/I de l'activacio entre les EPSCs i les IPSCs va ser similar en les nurones

piramidals LS y no-LS.

6. No obstant aixo, el balang E/I va ser major en la resposta a estimulaci6 ipsilateral
que en la contralateral; suggerint que, en la GRSC, tots dos tipus de neurones en la
capa 2/3 dispararien preferiblement en resposta a aferéncies des de I'hemisferi

ipsilateral que a aferéncies procedents a través del cos callos.

7. Elsregistres apariats simultanis entre neurones piramidals de L2/3 i L5 de la GRSC
descarten la possibilitat que les neurones piramidals de la capa superior L5b envien
aferéncies a les neurones piramidals LS de L2/3 a causa de, d'una banda, les
respostes de les neurones LS no canvien i, d'altra banda, la probabilitat de que

aquests parells estiguen connectats és molt baixa.
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8. Laplicacié de bloquejants de GABAgR augmenta els potencials sinaptics generats
en descarregues epileptiformes en neurones LS; este augment és suficientment gran
per aconseguir I'umbral i disparar potencials daccio. Esta accié del bloquejant de

GABAGR és probablement degut als GABAgRs presinaptics.

9. Aquests resultats son el pas inicial per a estudiar la via en que les neurones LS
s'integren en els microcircuits corticals locals, aixi com per estudiar el paper dels

GABAGgRs en I'electrofisiologia de la GRSC.
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