
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Gating neuronal activity in the brain
Cellular and network processing of propagating activity in the perirhinal–entorhinal cortex
Willems, J.G.P.

Publication date
2019
Document Version
Final published version
License
Other

Link to publication

Citation for published version (APA):
Willems, J. G. P. (2019). Gating neuronal activity in the brain: Cellular and network
processing of propagating activity in the perirhinal–entorhinal cortex. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/gating-neuronal-activity-in-the-brain(7d2ea32a-820c-4433-b0b2-e575ee7ced47).html


  



 

 

 

 

 

Gating neuronal activity in the brain 

Cellular and network processing of propagating activity  

in the perirhinal – entorhinal cortex 

 

 

 

 

 

 

 

 

 

Janske G.P. Willems 



 

 

 

 

 

 

 

About the cover 

The cover was designed by Janske Willems and shows the lateral view of the human brain, 

superimposed by a geometric brain schematically representing network connectivity. The 

perirhinal-enthorhinal network and its input from the amygdala and insula are highlighted 

in red. 

 

Colophon 

The research in this thesis was carried out at the Swammerdam institute for Life Sciences, a 

research institute of the Faculty of Science at the University of Amsterdam 

 

Cover & layout  Janske G.P. Willems 

Printing   ProefschriftMaken || www.proefschriftmaken.nl 

ISBN   978-94-6380-243-7 

 

 

© Janske G.P. Willems, 2019 

All rights reserved. No part of this work may be reproduced by print, copy, or otherwise 

without permission of the author.  



 

 

 

 

 

Gating neuronal activity in the brain  

Cellular and network processing of propagating activity  

in the perirhinal – entorhinal cortex 

 

 

 

 

 

 

 

 

 

 

ACADEMISCH PROEFSCHRIFT 

 

ter verkrijging van de graad van doctor 

aan de Universiteit van Amsterdam 

op gezag van de Rector Magnificus 

prof. dr. ir. K.I.J. Maex 

ten overstaan van een door het College voor Promoties ingestelde commissie, 

in het openbaar te verdedigen in de Agnietenkapel 

op vrijdag 15 maart 2019, te 12:00 uur 

door  

 

Johanna Gerardina Petronella Willems 

geboren te Wanroij  



Promotiecommissie 
 

Promotor  

prof. dr. W.J. Wadman  Universiteit van Amsterdam 

 

Copromotor 

dr. N.L.M. Cappaert  Universiteit van Amsterdam 

 

 

Overige leden 

dr. C.S. Lansink   Universiteit van Amsterdam 

prof. dr. P.J. Lucassen  Universiteit van Amsterdam 

prof. dr. F.H. Lopes da Silva Universiteit van Amsterdam 

prof. dr. C.M.A. Pennartz  Universiteit van Amsterdam 

dr. C.J. Wieringa   Universiteit Utrecht 

prof. dr. M.P. Witter   Norwegian University of Science and Technology 

 

 

Faculteit der Natuurwetenschappen, Wiskunde en Informatica 

  



 

 

 

 

 

 

 

 

 

 

 

 

You can’t fly unless you let yourself fall… 

-  Justin Bieber 

  



   



 

 

Table of contents 
 

 

 

Chapter 1. General introduction 9 

 

Chapter 2. Distinct spatiotemporal activation patterns of the perirhinal-entorhinal 

network in response to cortical and amygdala input 

 

25 

 

Chapter 3. Parvalbumin interneuron mediated feedforward inhibition controls 

signal output in the deep layers of the perirhinal-entorhinal cortex 

 

53 

 

Chapter 4. Excitation-inhibition dynamics regulate activity transmission through the 

PER-LEC network via the cortical superficial layers 

 

87 

 

Chapter 5. Interaction of synaptic inputs alters the timing of inhibition, modulating 

the window of opportunity for information processing in the PER-LEC deep layer 

network 

 

115 

 

Chapter 6. General discussion 

 

147 

 

Chapter 7. English summary 

 

165 

 

Chapter 8. Nederlandse samenvatting 

 

173 

 

Chapter 9. Appendices 

References 

List of publications 

Curriculum vitae 

Dankwoord 

 

181 

182 

206 

208 

210 



 

 

 

8 

  



 

Chapter 1 

9 

   1 

 

 

 

 

 

 

 

 

 
  



 

 

 

10 

  

  



 

Chapter 1 

11 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 he brain is a unique organ which allows us to interpret many sources of information and 

integrates this information to prepare actions in response. The perceived information is 

received by various primary brain areas and collected in integration areas. In these 

integration areas, emotion can for example be incorporated in the information to form a 

weighted representation of our current state of being. 

The parahippocampal region is a brain area which receives and processes information 

from multiple neuronal structures. More than 100 years after the first explorations of the 

parahippocampal-hippocampal anatomy by Ramón Y Cajal (Ramón y Cajal, 1893), it is still 

unclear how this neuronal network integrates information coming from these different brain 

structures. The research presented in this dissertation tries to tackle the fundamental 

question how this network integrates information that originates from different brain areas 

and it proposes a mechanism for information processing by the parahippocampal cortex. 
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The role of the parahippocampal cortex in cognitive function and behavior 

The parahippocampal region is a cortical brain area which is involved in cognitive 

functions like learning and memory, object information, sensory representation, attention, 

motivation, and spatial orientation (Aminoff, Kveraga, & Bar, 2013; Bos et al., 2017; 

Eichenbaum, Sauvage, Fortin, Komorowski, & Lipton, 2012; Kealy & Commins, 2011; van 

Strien, Cappaert, & Witter, 2009). The parahippocampus is a crucial part for cortico-

hippocampal crosstalk, since it forms the gateway between the (sub)cortex and the 

hippocampal formation (Fernández & Tendolkar, 2006; Keene et al., 2016). The 

parahippocampal cortex comprises a set of anatomically and cytoarchitectonically distinct 

regions such as the perihinal (PER), postrhinal (POR), and lateral (LEC) and medial (MEC) 

division of the entorhinal cortex (Figure 1; Burwell, 2000; Burwell & Witter, 2002; Cappaert, 

Van Strien, & Witter, 2015; van Strien et al., 2009). While the POR-MEC pathway is mainly 

involved in spatial information processing (Moser et al., 2014), the PER-LEC pathway 

processes object information (Knierim, Neunuebel, & Deshmukh, 2014). This dissertation 

focuses on the interconnected PER-LEC network to understand how cortical input is 

processed before it is transmitted to the hippocampus. 

  

Anatomy of the PER-LEC network 

The PER and LEC are situated adjacent to the hippocampus, aligning the rhinal sulcus in 

the temporal lobe, and form both the input and output structure for hippocampal activity 

(Figure 1 A-C; for review see van Strien et al., 2009). To gain more knowledge about activity 

processing by the PER-LEC, this dissertation focuses on the mouse PER-LEC network. In this 

animal model we were able to visualize a specific interneuron cell type by using genetically 

modified animals, allowing us to study the interplay between these interneurons and 

principal neurons. Since the structure and function of the PER and LEC is very comparable 

between species (Box 1) we ultimately hope to provide advance understanding about the 

processing of activity in the PER and LEC in higher order animals. 

The PER receives input from neocortical areas such as the sensory, temporal and insular 

cortical areas and subcortical areas like the amygdala, basal ganglia, (hypo)thalamus, raphe 

nucleus and olfactory bulb (Kealy & Commins, 2011). The LEC afferents originate from 

piriform, frontal, insular and temporal areas, including the PER (Burwell & Amaral, 1998a). In 
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13 turn, PER and LEC axons project to the hippocampal formation (Figure 1; for review see 

Witter, 1993). This parahippocampal pathway, from the PER to the LEC to the hippocampus 

and vice versa (Figure 1C), is considered an important gateway for the cortical infromation 

to flow into the hippocampus and reciprocally back to the cortex (Burwell, 2000; Burwell & 

Amaral, 1998a; Burwell & Witter, 2002; Cappaert et al., 2015; Ohara et al., 2018). 

This PER-LEC gateway is divided into a path in the superficial layers, transmitting activity 

towards the hippocampus, and one in the deep layers which transfers activity from the 

hippocampus back to the cortex (Ohara et al., 2018; Witter, Doan, Jacobsen, Nilssen, & 

Ohara, 2017). Anatomical studies have shown that longitudinal connections from the cortex, 

via the PER and LEC towards the hippocampus mainly originate in the superficial layers (for 

review see Witter et al., 2017), whereas the deep layers form a return network of 

connections (Figure 1 C) (Burwell & Amaral, 1998b; Suzuki & Amaral, 1994; Tamamaki & 

Nojyo, 1993; Witter, Groenewegen, Lopes da Silva, & Lohman, 1989; Witter, Room, 

Groenewegen, & Lohman, 1986). 

Box 1 | Comparison of rodent, monkey and human PER-LEC network  
 

The anatomical localization of the PER and LEC is highly conserved amongst species. 

In the rodent, monkey and human brain, the temporal lobe contains, amongst others, 

the hippocampus with adjacent the EC and PER (Burwell, Witter, & Amaral, 1995; 

Solodkin, Van Hoesen, & Insausti, 2014). The connectivity between these subregions of 

the temporal lobe is comparable between the various species (Burwell et al., 1995; 

Insausti & Amaral, 2008; Suzuki & Amaral, 1994; Witter et al., 2017) and the size, relative 

to the neocortical volume, has been shown to be alike (Burwell et al., 1995). 

The PER-LEC network plays an important role in memory formation and object 

recognition. Studies have shown that lesions in the PER-EC network resulted in impaired 

object recognition in rats and monkeys (Mumby & Pinel, 1994) and PER and EC lesions 

are associated with memory impairment in rats, monkeys and humans (Eichenbaum et 

al., 2012; Kealy & Commins, 2011; Robin, Rai, Valli, & Olsen, 2018; Solodkin et al., 2014; 

Suzuki, Zola-Morgan, Squire, & Amaral, 1993; Suzuki & Naya, 2014). Considering these 

anatomical and functional similarities, the studies performed to elucidate the 

mechanism for activity transmission in the rodent PER-LEC will provide educated 

hypotheses for further studies in evolutionary higher species. 
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Information processing in the PER-LEC-hippocampal network 

The profound connectivity of the cortico-hippocampal-cortical circuit, with the PER-LEC 

network as an intermediate structure, forms a pathway for information to flow through the 

network. This information is shaped by a combination of ongoing neuronal activity and 

neuronal activity evoked by a stimulus, for example a sensory input (Engel, Fries, & Singer, 

2001). The information is coded in patterns of action potential firing. Two hypotheses are 

proposed to explain how neurons encode information: the rate-coding and time-coding 

hypotheses (Quian Quiroga & Panzeri, 2009). The rate-coding hypothesis states that 

information is coded in the mean firing rate of the neuron (Rieke & Warland, 1999) and the 

time-coding hypothesis states that the precise timing of spikes defines the information 

content of the message (Optican & Richmond, 1987). Both hypotheses are shown to be 

present in information processing: neuronal activity will consist of a rate-coded component 

Figure 1. Anatomy of the parahippocampal network. A. Lateral view of the rodent brain with in red the lateral 
amygdala, in brown the regions of the hippocampus, in blue the subicular area, in green the entorhinal cortex, in 
purple the perirhinal cortex and in cyan the postrhinal cortex. B. A Nissl stained horizontal section cut at line H 
indicated in A, with the colors corresponding to the areas in A. C. Schematic over view of the connectivity between 
the neocortex, parahippocampal region and the hippocampus. Arrows indicate the hypothesized connectivity 
between the different areas. The LA had modulatory projections to the PER and LEC.  
Abbreviations: NC, neocortex; LA, lateral amygdala; PHR, parahippocampal region; HF, hippocampal formation; PER, 
perirhinal cortex; POR, postrhinal cortex; LEC, lateral entorhinal cortex; MEC, medial entorhinal cortex. Adapted 
from van Strien et al. (2009). 
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and a time-coded component. The distinction, however, is relevant for how information is 

processed and transmitted.  

The information, coded in a neuronal spike pattern, is transferred from neuron to neuron 

via synaptic activation and postsynaptic action potential firing in the involved areas. The 

action potential firing patterns in the EC are shaped by the input from the (sub)cortical areas 

and in turn seed hippocampal neuronal activity (Battaglia, Benchenane, Sirota, Pennartz, & 

Wiener, 2011). Furthermore, temporal synchronization of neuronal firing patterns between 

brain areas in the form of oscillations will result in binding of information between areas like 

the PER-LEC network and the hippocampus (Buzsáki & Draguhn, 2004). 

  

Physiology of the PER-LEC gate 

Although there are anatomical projections present from the (sub)cortex, through the PER 

and LEC, to the hippocampal formation (Cappaert, Van Strien, & Witter, 2014), the 

synaptically evoked neuronal activity in the PER-LEC network does not under all 

circumstances induce neuronal activity in the hippocampus (Biella, Uva, & de Curtis, 2002; 

Koganezawa et al., 2008; Pelletier, Apergis-Schoute, & Paré, 2005; Willems, Wadman, & 

Cappaert, 2016). This suggests that the PER-LEC network, instead of simply acting as a relay 

station, actively processes and selects information before transmission to the hippocampus 

(de Curtis & Paré, 2004). The neuronal mechanism behind this gating capability is not 

understood. It is shown though, that the firing rate of principal neurons in both the PER and 

LEC decreases when a cortical input is received (Pelletier, Apergis, & Paré, 2004). This 

decrease is likely due to the activation of inhibitory interneurons in the local network. 

Reducing the inhibition resulted in a consistent activation of the PER-LEC network by 

neocortical synaptic input, implying a role for γ-aminobutyric acid (GABA)ergic interneurons 

in the gating of activity transmission in the PER-LEC network (Koganezawa et al., 2008; 

Willems et al., 2016). 

It is hypothesized that activity travelling towards the hippocampus does so via the 

superficial layers of the PER-LEC and is transferred back to the cortex by the deep layer 

network. This hypothesis is supported by physiological data showing that stimulation of the 

PER superficial layers results in activation of the LEC superficial layers specifically (de Villers-

Sidani, Tahvildari, & Alonso, 2004) and superficial EC neuronal firing seeds hippocampal 
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neuron activity (Battaglia et al., 2011). Additionally, the PER-LEC deep layers are actively 

inhibited to block the output network of the hippocampus when neocortical information has 

to be transmitted towards the hippocampus (Biella et al., 2002; Willems, Wadman, & 

Cappaert, 2018). Hippocampal CA1 and subiculum neurons project back to the LEC deep 

layers, forming an output structure of the hippocampus (Witter et al., 2017). When the LEC 

deep layers are stimulated, mainly the PER deep layers show synaptic excitation, allowing 

hippocampal activity to be transferred via the PER-LEC deep layers back to the cortex 

(Gnatkovsky & de Curtis, 2006). 

  

Inhibitory control of neuronal activity transmission 

The functional separation of the input and output layers of the PER-LEC network comes 

about by inhibitory control of the firing of excitatory principal neurons. Previous studies 

showed that when neuronal fibers distal to the neurons in the PER-LEC network were 

stimulated, the responses were only excitatory, likely evoked by direct excitatory synaptic 

inputs (Biella, Uva, & Curtis, 2001; Martina, Royer, & Paré, 2001). When a stimulus was 

applied in the more proximal, local PER-LEC network however, neurons received excitatory 

as well as di-synaptic inhibitory synaptic input. This inhibition evoked in the PER and LEC, 

after application of cortical stimuli, originates from the synaptically activated firing of the 

inhibitory interneurons (Martina et al., 2001; Willems et al., 2018). Furthermore, an 

ultrastructural study revealed that the GABAergic neurons are directly targeted by excitatory 

projections, indicating that they are organized in a feed-forward manner (Pinto, Fuentes, & 

Paré, 2006). 

Key players in altering neuronal excitation in the PER-LEC are the inhibitory interneurons 

in the local network. The PER contains mainly calbindin, calretinin and parvalbumin (PV) 

expressing interneurons (Barinka et al., 2012a). The EC comprises three main groups of 

interneurons: PV, somatostatin and 5HT3r expressing interneurons (Leitner et al., 2016; 

Rudy, Fishell, Lee, & Hjerling-Leffler, 2011). The exact functional role of different interneuron 

types however, is not known. 

Potential candidates for efficient inhibitory control of principal neurons are PV 

interneurons (Pfeffer, Xue, He, Huang, & Scanziani, 2013). This interneuron type is present 

in all layers of the PER and even more abundantly in the LEC (Barinka et al., 2012b; Cappaert 
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et al., 2014; Wouterlood, Härtig, Brückner, & Witter, 1995). PV interneurons project onto the 

axo-somatic site of principal neurons, where they can effectively evoke large inhibitory 

postsynaptic currents upon action potential firing (Pfeffer et al., 2013). Hence, PV 

interneurons are capable of hyperpolarizing the membrane potential and consequently can 

regulate at which moments in time the principal neuron is most prone to fire action 

potentials. These interneurons can therefore determine principal neuron output by shaping 

action potential firing patterns and herewith oscillatory activity (Cunningham et al., 2006; 

Sohal, Zhang, Yizhar, & Deisseroth, 2009). 

Loss of inhibition in the PER-LEC is associated with pathologies involving hyperexcitability 

such as temporal lobe epilepsy and schizophrenia (Cunningham et al., 2006; Kumar & 

Buckmaster, 2006). PV interneuron numbers decrease tremendously in the PER as a 

consequence of seizures (Biagini et al., 2013) and PV interneuron activation can terminate, 

or even prevent, epileptic activity in epileptic mice (Assaf & Schiller, 2016). 

The inhibitory component of the network likely plays a prominent role in the regulation 

of activity transfer through the PER-LEC in both healthy and diseased conditions 

(Cunningham et al., 2006; de Villers-Sidani et al., 2004; Kumar & Buckmaster, 2006; Willems 

et al., 2016). It is therefore hypothesized that neuronal activity transmission can be altered 

when the activity of the inhibitory neurons is modulated by the interaction of various cortical 

and subcortical synaptic inputs. 

  

The insular cortex and lateral amygdala 

In this dissertation, we examined two PER-LEC afferents: the neocortical agranular insular 

cortex (AiP) and the lateral amygdala (LA). The AiP is a neocortical area involved in emotional, 

interoceptive and exteroceptive signal processing (Nieuwenhuys, 2012). The AiP is located 

rostrally to the PER and projects to the PER and LEC (Burwell, 2000; Mathiasen, Hansen, & 

Witter, 2015). In rodents, afferents from the AiP to the PER-LEC network originate in all 

cortical layers and consist of both glutamatergic and GABAergic projections. These 

projections from the AiP most densely target the superficial layers of the PER and deep layers 

of the LEC (Mathiasen et al., 2015; Pinto et al., 2006; Unal, Pare, Smith, & Pare, 2013). 

The amygdala plays a pivotal role in emotion processing (McDonald & Mott, 2016; Paz, 

Pelletier, Bauer, & Paré, 2006). The emotional enhancement of memory is an important 
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feature of the memory system and plays a crucial role in the survival of species (Christianson, 

1992). It has been shown in animal studies as well as in humans that the amygdala can 

modulate medial temporal lobe activity (including the PER and LEC) and enhances memory 

performance on emotional versus neutral stimuli (Cahill & McGaugh, 1998; Dolcos, LaBar, & 

Cabeza, 2004; Kilpatrick & Cahill, 2003). 

The amygdala projects to the PER-LEC network (Krettek & Price, 1977; Pikkarainen & 

Pitkänen, 2001; Pitkänen, Pikkarainen, Nurminen, & Ylinen, 2000). The lateral nucleus of the 

amygdala contains the heaviest projections to the PER, whereas the accessory and basal 

nucleus only project moderately to the PER deep layers (Pikkarainen & Pitkänen, 2001). The 

basolateral complex, the lateral capsular portion of the central nucleus (CLC), and all three 

subdivisions of the cortical nuclear complex mainly target the LEC (McDonald & Mott, 2016). 

This dissertation focuses on the input from the lateral amygdala (LA), since the PER and LEC 

are both synaptic targets of LA projections (Figure 1C), suggesting that the LA can modulate 

PER-LEC activity. All PER and LEC cortical layers are targeted by LA projections: PER afferents 

from the LA are mainly glutamatergic while projections to the LEC are both GABA - and 

glutamatergic (McDonald & Zaric, 2015; McDonald & Mott, 2016; Pitkänen et al., 2000; Smith 

& Paré, 1994).  

The amygdala can modulate how activity from the neocortex is transmitted through the 

PER-LEC circuitry of the rhinal gate (Paz et al., 2006). Previous studies showed that both 

neocortical and LA stimulation leads to PER-LEC neuronal population activity in brain slices 

under the condition of a partial GABAA block (Kajiwara, Takashima, Mimura, Witter, & Iijima, 

2003; Koganezawa et al., 2008; Willems et al., 2016). Furthermore, once the inputs from the 

PER and amygdala coincide in the deep layers of the LEC (Koganezawa et al., 2008), 

propagation of neuronal activity from the PER through the LEC into the dentate gyrus of the 

hippocampus is promoted (Kajiwara et al., 2003; Koganezawa et al., 2008). In vivo field 

recordings also showed that amygdala activation increases responsiveness of PER neurons 

to neocortical stimuli (Pelletier et al., 2005). 

McGarry and Carter (2016) studied a possible mechanism for modulation of cortical 

responses by the amygdala in the prefrontal cortex. They showed that the amygdala can 

regulate the excitability of principal neurons via recruitment of local PV interneurons, 

resulting in fast feedforward inhibition that regulates emotional behavior (McGarry & Carter, 
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2016). 

Since the inhibition recruited in the PER-LEC network is likely to regulate the transmission 

of neuronal activity, it is hypothesized that the PV interneurons in the PER-LEC deep layers 

are a target for the amygdala driven modulation of PER-LEC activity. To address whether 

input from the amygdala can alter synaptic activity from the AiP, this dissertation provides 

data on how synaptic input from the AiP and LA interacts in the PER-LEC network, 

microcircuit, and in single PER-LEC neurons. 

 

Structure of this dissertation 

This dissertation addresses the fundamental hypothesis that the PER-LEC regulates 

information transmission by gating neuronal activity. By using electrophysiological recording 

methods (Box 2), we addressed how the PER-LEC network is activated when synaptic input 

arrives. Especially the temporal aspect of information processing was studied by examining 

the activity evoked by a single stimulation at two different brain areas. Several questions are 

posed and answered: how is the PER-LEC network recruited by signals originating in the AiP 

and in the LA (chapter 2), what is the time pattern in which the excitatory and inhibitory 

neurons in the deep layers are recruited (chapter 3) and is that distinct from the time-pattern 

in the superficial layers of the PER-LEC (chapter 4), and how do the synaptic inputs from the 

AiP interact with those from the LA in single neurons, small circuits and the network in the 

PER-LEC (chapter 5). 

 

Chapter 2 

Stimulation of the PER or LA synaptic input can activate the LEC (Kajiwara et al., 2003; 

Koganezawa et al., 2008). In this chapter, we compared the spatiotemporal aspect of the 

activity propagation through the PER/EC network in response to AiP and LA stimulation. We 

determined the functional organization of the AiP or LA projections to the PER/EC network 

in horizontal mouse brain slices, at a high spatio-temporal resolution with voltage sensitive 

dye (VSD) imaging. We compared the recruitment sequence of the AiP or LA evoked activity 

in the PER-EC network in control condition and after GABAA dependent inhibition was 

reduced. We showed that synaptic input from the AiP and LA both activated the PER-LEC 



 

 

 

20 

Box 2 | Methods to record neuronal activity  
 

In this dissertation, we aimed to study the processing of synaptic responses in 1) the 

single neuron, 2) the microcircuit, and 3) the network. Much of what is known about the 

functional properties of neurons and neuronal networks is discovered by recording 

neuronal activity in vitro, e.g. in the acute brain slice. Neuronal activity in the single 

neuron can be recorded by single or multiple cellular recordings while network activity 

can be visualized by voltage sensitive dye (VSD) imaging. 

Whole cell patch clamp recordings provide detailed information on the processing of 

synaptic input in single neurons. Whole cell patch clamp recordings monitor the currents 

that flow through the cellular membrane as well as the transmembrane voltage, with the 

choice to control either one. When synapses in the neuronal membrane are activated by 

neurotransmitters, the resulting postsynaptic current, postsynaptic potential and 

eventually the generation of an action potential or a more complex firing pattern are 

revealed. In dual recordings we can study the connectivity between multiple cells in the 

microcircuit. 

The evoked synaptic current in a neuron contains components that originate from 

excitatory and inhibitory synapses. Decomposition of the synaptic current into two 

underlying components, based on their different reversal potential, is a solution to 

extract the inhibitory and excitatory components of the response without using 

pharmacologicals, since this will affect the whole network. If the objective of the study is 

to examine the activation of the neuron by the surrounding neuronal network, it is 

preferred to leave the integrity of the network intact. To be able to decompose the 

synaptic current, the post-synaptic cell is clamped at potentials between -90 mV and -50 

mV, while the same, voltage-independent, synaptic current is evoked. The recorded 

currents are the result of the excitatory and the inhibitory synaptic conductances and 

their respective driving forces: the differences between membrane voltage and the 

reversal potentials. With the evoked currents and the reversal potentials, the excitatory 

and inhibitory conductance can be separated based on their unique current/voltage 

relationship. 

In VSD imaging neuronal membranes are loaded with a light sensitive molecule that 

changes its absorbance depending on the local electrical field strength (Chemla & 

Chavane, 2010). Bath application will load the neuronal membranes of all neurons 

present and thus provide information at the network level. Since the largest surface of 

neuronal membranes is found in the dendrites, VSD imaging mainly shows changes in 

dendritic voltage as a result of synaptic input. It is excellent in providing temporal 

information, but does not provide calibrated information on membrane voltage. With a 

fast camera the technique allows imaging of neuronal activity at a high spatial and 

temporal resolution and provides information about the propagation of neuronal activity 

through the slice. 
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network but the initial activation site was spatially separated, indicating that the functional 

projection from the AiP and LA is different. Activity transmission only moderately progressed 

in control conditions. Activity transmission is promoted when inhibition is reduced, indicating 

a role for the inhibitory interneurons in the regulation of neuronal activity transmission in 

the PER-LEC network. 

 

Chapter 3 

A role for local PER-LEC GABAergic interneurons has been implied in controlling the active 

selection and processing of activity (de Curtis & Paré, 2004). In chapter 3 we investigated 

how the excitatory and inhibitory neurons are activated in the PER-LEC deep layers and 

whether the interplay between principal neurons and PV interneurons plays a role in 

processing of synaptic input from the AiP in acute mouse brain slices. We examined the 

stimulus evoked synaptic input and action potential firing patterns in principal neurons and 

PV interneurons to address the functional output of the PER-LEC deep layer network once 

synaptic input is processed in the local excitatory and inhibitory components of the network. 

We showed that the excitatory input from the AiP onto deep layer principal neurons is 

overruled by strong feedforward inhibition. The PV interneurons, with their fast, extensive 

stimulus-evoked firing, deliver this fast evoked inhibition onto principal neurons. We 

concluded that the deep layers principal neurons are not involved, and even actively silenced, 

when synaptic activity is travelling from the neocortex towards the hippocampus. 

  

Chapter 4 

Since deep layer neurons are silenced by inhibition when a synaptic input enters the PER-

LEC network, it is expected that the superficial PER-LEC neurons react to neocortical input 

with action potential firing in order to transmit activity from the PER, via the LEC towards the 

hippocampus (de Villers-Sidani et al., 2004; Willems et al., 2018). In this chapter we 

questioned whether differences in synaptic input and action potential firing are present 

between superficial and deep layer principal neurons and which role of the local superficial 

inhibitory network plays in the firing of principal neurons in response to input from the AiP. 

Paired recordings of superficial and deep layer neurons in acute horizontal mouse brain 

slices revealed that superficial principal neurons receive stronger synaptic input and respond 
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with action potential firing after AiP stimulation than deep layer neurons. Furthermore, the 

timing of the evoked inhibition and excitation was more favorable for action potential firing 

in superficial layer neurons, likely because the evoked excitatory conductance was faster and 

larger and the inhibitory conductance arose slightly later. Firing of PV interneurons from the 

superficial layer local network evoked this inhibitory conductance after AiP stimulation at a 

very consistent timing, creating a solid inhibitory input, whereas the activated excitation was 

shifted earlier to ensure action potential firing. 

                                                                             

Chapter 5 

In chapter 5 we hypothesized that the synaptic input from the AiP and LA interacts when 

it coincides in the PER-LEC network, since the amygdala modulates PER-LEC neuronal activity 

transmission (Paz et al., 2006). We stimulated the AiP and LA and recorded principal neurons 

and PV interneurons in the PER-LEC deep layers to examine the interaction of synaptic input. 

We showed that both neuron types received synaptic input from the AiP as well as the LA, 

although the synaptic strength from the AiP input was larger than from the LA input. We 

found that synaptic inputs originating in the AiP and LA mainly alter the timing and amplitude 

of the inhibitory input evoked in PER-LEC deep layer principal neurons. Inhibition is evoked 

earlier in these principal neurons after simultaneous AiP and LA stimulation, because the 

interaction of AiP and LA inputs in PV interneurons triggers the first PV spike to be evoked 

earlier, likely causing the temporal window of opportunity for coincidence detection of 

excitation to be more precise. 
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Abstract  

The perirhinal (PER) and entorhinal cortex (EC) receive input from the agranular insular 

cortex (AiP) and the subcortical lateral amygdala (LA) and the main output area is the 

hippocampus. Information transfer through the PER/EC network however, is not always 

guaranteed. It is hypothesized that this network actively regulates the (sub)cortical activity 

transfer to the hippocampal network and that the inhibitory system is involved in this 

function. This study determined the recruitment by the AiP and LA afferents in PER/EC 

network with the use of voltage sensitive dye imaging in horizontal mouse brain slices. 

Electrical stimulation (500 µA) of the AiP induced activity that gradually propagated 

predominantly in the rostro-caudal direction: from the PER to the lateral EC (LEC). In the 

presence of 1 µM of the competitive GABAA receptor antagonist bicuculline, AiP stimulation 

recruited the medial EC (MEC) as well. In contrast, LA stimulation (500 µA) only induced 

activity in the deep layers of the PER. In the presence of bicuculline, the initial population 

activity in the PER propagated further towards the superficial layers and the EC after a delay. 

The latency of evoked responses decreased with increasing stimulus intensities (50-500 µA) 

for both the AiP and LA stimuli. The stimulation threshold for evoking responses in the 

PER/EC network was higher for the LA than for the AiP.  

This study showed that the extent of the PER/EC network activation depends on release 

of inhibition. When GABAA dependent inhibition is reduced, both the AiP and the LA activate 

spatially overlapping regions, although in a distinct spatiotemporal fashion. It is therefore 

hypothesized that the inhibitory network regulates excitatory activity from both cortical and 

subcortical areas that has to be transmitted through the PER/EC network. 

 

 

 

 

 

 

Key words: voltage-sensitive dye imaging, inhibitory control, acute slices, mouse, network 
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Introduction 

The parahippocampal region is a cortical brain area that is involved in cognitive functions 

like learning and memory, object recognition, sensory representation and spatial orientation 

(de Curtis and Paré, 2004; Kealy and Commins, 2011; Uva and de Curtis, 2005; de Villers-

Sidani et al., 2004). The parahippocampal pathway, from the perirhinal cortex (PER) to the 

entorhinal cortex (EC), is considered an important gateway for the cortical and subcortical 

information flow into the hippocampus (Burwell, 2000; Burwell and Amaral, 1998; Burwell 

and Witter). Although anatomical connections exist within the PER/EC network (Cappaert et 

al., 2014), the information transfer through this network occurs with a low probability (e.g. 

Biella et al., 2002; Koganezawa et al., 2008; Pelletier et al., 2005). 

The PER receives input from neocortical areas such as the sensory, temporal and insular 

cortical areas and subcortical areas like the amygdala, basal ganglia, (hypo)thalamus, raphe 

nucleus and olfactory bulb (Kealy and Commins, 2011). In this study, we will compare the 

spatiotemporal aspect of the information propagation through the PER/EC network in 

response to cortical and subcortical stimulation. As representative (sub)cortical areas we will 

focus on the input originating in the agranular insular cortex (AiP) and the lateral amygdala 

(LA) as these areas are collocated with the PER/EC. The AiP integrates exteroceptive and 

interoceptive information (Nieuwenhuys, 2012) and the LA is crucially involved in emotion 

processing (McDonald and Mott, 2016; Paz et al., 2006). Both brain areas are known to 

project to the PER/EC network (Burwell and Amaral, 1998; Canto et al., 2008; Kealy and 

Commins, 2011; Krettek and Price, 1977; Mathiasen et al., 2015; Pitkänen et al., 2000). 

Afferents from the AiP to the PER/EC network originate in all cortical layers and consist of 

both glutamatergic and GABAergic projections, which most densely target the superficial 

layers of the PER and deep layers of the lateral EC (LEC) in rodents (Mathiasen et al., 2015; 

Pinto et al., 2006; Unal et al., 2013). All PER/EC layers receive LA afferents: PER afferents are 

mainly glutamatergic while projections to the EC are both γ-aminobutyric acid (GABA) - and 

glutamatergic (McDonald and Mott, 2016; McDonald and Zaric, 2015; Pitkänen et al., 2000; 

Smith and Paré, 1994). These GABAergic projections together with functional evidence 

(Apergis-Schoute et al., 2007; Biella et al., 2002; Martina et al., 2001a; Pelletier et al., 2004) 

suggest that the inhibitory system plays a crucial role in the control of the information flow 

https://paperpile.com/c/aKQZdM/cduPj+aNyW+JTcQX+j4CA
https://paperpile.com/c/aKQZdM/cduPj+aNyW+JTcQX+j4CA
https://paperpile.com/c/aKQZdM/Skfz+JKu8+KCxl
https://paperpile.com/c/aKQZdM/Skfz+JKu8+KCxl
https://paperpile.com/c/aKQZdM/T9rUg+rCOm+NgNp2
https://paperpile.com/c/aKQZdM/j4CA
https://paperpile.com/c/aKQZdM/2GkV
https://paperpile.com/c/aKQZdM/VfbAA+iitZ
https://paperpile.com/c/aKQZdM/Skfz+wljU+j4CA+ip9x+vFRu+ztQw
https://paperpile.com/c/aKQZdM/Skfz+wljU+j4CA+ip9x+vFRu+ztQw
https://paperpile.com/c/aKQZdM/vFRu+xISW+xHOR
https://paperpile.com/c/aKQZdM/vFRu+xISW+xHOR
https://paperpile.com/c/aKQZdM/iitZ+TA3j+ztQw+717S
https://paperpile.com/c/aKQZdM/iitZ+TA3j+ztQw+717S
https://paperpile.com/c/aKQZdM/BnI6+T9rUg+Drgr+fuA7f
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through the PER/EC network. Studies showed that activity evoked by PER and LA stimulation 

can coincide in the EC (Kajiwara et al., 2003; Koganezawa et al., 2008). However, the 

spatiotemporal dynamics of PER/EC network recruitment and the modulation by GABAergic 

the inhibition in response to AiP or LA stimulation needs to be revealed. 

The current study determined the functional organization of the AiP or LA projections to 

the PER/EC network in horizontal mouse brain slices, at a high spatio-temporal resolution 

with VSD imaging. VSD imaging reveals the population changes in membrane potential in 

these horizontal slices, which allowed a detailed analysis of the spatial and temporal pattern 

of network recruitment. We addressed the dynamics of the mouse PER/EC network activity 

in response to AiP or LA stimulation by comparing the recruitment sequence of the AiP or LA 

evoked activity in the network in control condition and after GABAA dependent inhibition was 

reduced. 

 

Materials and Methods 

Slice preparation, solutions and VSD staining. The experiments and animal care were 

approved by the Animal Care and Use committee of the University of Amsterdam and were 

in accordance with European guidelines. Brain slices were obtained from male and female 

C57BL/6 mice (Harlan Netherlands BV, Horst) at postnatal day 28-42. At this age, the 

inhibitory system is considered as matured (Del Rio et al., 1992). Experiments were 

performed on 11 horizontal brain slices (Figure 1A, B) from 9 unique mice, containing the 

AiP, LA, PER, LEC, and medial EC (MEC). The mice were decapitated, the brain was rapidly 

removed from the skull and stored in ice-cold artificial cerebrospinal fluid (ACSF) containing 

(in mM): 120 NaCl, 3.5 KCl, 5 MgSO4, 1.25 NaH2PO4, 2.5 CaCl2, 25 NaHCO3, and 10 glucose 

oxygenated with 95% O2/5% CO2 (pH 7.4). 400 µm thick horizontal slices were cut (Figure 1A, 

B) using a VT1200S vibratome (Leica Biosystems, Nussloch, Germany). Projections from the 

AiP and LA towards the PER/EC network are found to be present in horizontal slices of the 

rodent brain (von Bohlen und Halbach and Albrecht, 2002; Kajiwara et al., 2003; Koganezawa 

et al., 2008; Mathiasen et al., 2015). After acclimatization for 30 minutes, slices were 

incubated for 1 hour with 0.007 mg/ml of the oxonol VSD, NK3630 (Hayashibara Biochemical 

Laboratories Inc., Kankoh-Shikiso, Okayama, Japan). After staining, the slices were kept at 

https://paperpile.com/c/aKQZdM/Icg6
https://paperpile.com/c/aKQZdM/aTgty+vFRu+rCOm+dDaW
https://paperpile.com/c/aKQZdM/aTgty+vFRu+rCOm+dDaW
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room temperature in a holding chamber on a membrane (MilliPore LCR membrane filter, 

FHLC02500, Polytetrafluoroethylene hydrophilic membrane with 0.45 µm pore size, 

Millipore, Billerica, NA), placed on a well filled with ACSF in a moistened 95% O2/5% CO2 

atmosphere.  

Electrical stimulation. Electrical stimuli were applied through a bipolar stimulation 

electrode (100 μm diameter isolated stainless steel wire) with a tip separation of 150 - 200 

µm. Stimulation electrodes were placed under visual guidance in the superficial layers of the 

AiP and in the LA (Figure 1B). Biphasic square pulses of 0.3 ms were applied through a 

custom-made current source with amplitudes of 50, 100, 300 and 500 μA.  

Drugs. The GABAA antagonist bicuculline was bath applied at 1 µM (Tocris Bioscience, 

Bristol, UK). This concentration never evoked aberrant spontaneous activity in slices 

(Kajiwara et al., 2003; Koganezawa et al., 2008; Menendez de la Prida and Pozo, 2002). 

VSD recordings. The electrically-evoked responses were recorded with VSD imaging. The 

stained slices were placed in the recording chamber mounted on a microscope (Axioskop 2 

FS, Zeiss, Germany) and perfused with oxygenated ACSF of 30˚C at a rate of 2 ml/min.  The 

microscope was mounted on an isolation stage (Minus K Technology, Inglewood, CA) on top 

of a stable marble table. Slices were illuminated with a 100 W halogen-tungsten filament 

bulb, powered by a DC voltage source. The excitation light was filtered with a 705 ± 60 nm 

interference filter. Optical responses were recorded using a 464-channel photodiode array 

(H-469II Photodiode Array, WuTech Instruments, Gaithersburg, MD). A 5× objective (0.25 NA 

Fluar, Zeiss, Wetzlar Germany) was used to project the slice onto the diode array (Figure 1B, 

C). The data acquisition was controlled by a custom-made program (for details see Wu et al., 

1999). The signal from each diode was digitized at 1 kHz with a 12-bit data acquisition board 

(DAP 3200a/415 Microstar Laboratories, Bellevue, WA, USA). A digital image of the slice was 

acquired (SPOT, Imaging diagnostics, Sterling Heights, MI, USA) for offline superposition of 

the slice morphology over the diode recording sites (Figure 1B). Membrane depolarization is 

reflected by NK3630 as a decrease in light absorption (Jin et al., 2002), which is represented 

in our measurements as a positive signal. The changes in light absorption (ΔA(t)) are 

proportional to the absolute light level A. To get a relevant signal with sufficient dynamic 

range we recorded ΔA(t) after high-pass filtering (> 0.2 Hz) with a high-gain setting (500x) 

and then divided this ΔA(t) recorded at each diode to its absolute light level (Amax) that was 

https://paperpile.com/c/aKQZdM/rCOm+dDaW+S9Up
https://paperpile.com/c/aKQZdM/141qw
https://paperpile.com/c/aKQZdM/141qw
https://paperpile.com/c/aKQZdM/0bbri
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Figure 1. A. Schematic drawing of the lateral view of the mouse brain showing the structures of interest. B. 
Example of a 400 μm thick horizontal brain slice obtained at the level dashed line (--) indicated in A. Stimulation 
electrodes were placed in the AiP (neocortical area) and the LA, indicated by ‘AiP stim’ and ‘LA stim’, 
respectively. The anatomical borders of the PER, LEC, and MEC are indicated with black, dash-dotted lines. The 
border between the deep and superficial layers in the PER, LEC and MEA is indicated with a dotted line. The 
cell layers of the hippocampus (HC) are indicated with a dashed line. The hexagonal shaped area of the 464-
channel photodiode array overlying the PER, LEC and MEC is indicated in red. Neuronal activity was recorded 
in the region of interest (yellow shaded region). C. Spatial overview of optical recording with 464-channels of 
a parahippocampal - hippocampal slice preparation stained with the voltage-sensitive dye NK3630. Each trace 
represents membrane potential changes of a population of neurons recorded by the channel in response to 
stimulation in the AiP. D. Example trace of the evoked response recorded in a single channel in the MEC (the 
red response in 1C). The arrowhead indicates the time of stimulation. The red line marks the baseline signal, 
the gray shaded and the black dotted line area shows the 5 times SD over 100 ms of baseline, which is used as 
the threshold for response latency determination. For spatial representation of the response latency in every 
channel, the latency was converted to a color-coded scale, in which blue codes the smallest and red the largest 
latency. The amplitude of the signal (ΔA/Amax) is color coded from green (0) to red (0.25) as indicated with the 
vertical colorbar to visualize the magnitude of the response at a single time point. 
Abbreviations: Agranular insular cortex, AiP; Lateral amygdala, LA; hippocampus, HC; Perirhinal cortex, PER; 
Lateral and medial entorhinal cortex, LEC and MEC; Deep layers, d; Superficial layers, s; C = caudal; D = dorsal; 
L = lateral; M = medial; R = rostral; V = ventral.  
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recorded in a low gain setting after the transition from light-off to light-on. We assume that 

ΔA(t)/A is well approximated by ΔA(t)/Amax. Amax was repeatedly determined to check and 

correct for possible signal degradation over the time period of the recording. 

VSD data analysis. Analysis of the data was performed using custom-made software in 

MatLab (MathWorks, Natick, MA). Diode channels recording the PER and EC (Figure 1B) were 

selected for further analysis. Recordings of the evoked responses at each stimulus intensity, 

were averaged over at least three artefact-free, consecutively acquired realizations. 

Instrumentation offset, determined by the mean ΔA/Amax over a 100 ms time window before 

the stimulus, was subtracted from each recording. Furthermore, the recordings were filtered 

in space with a 2D Gaussian filter with a kernel width of one inter-diode distance 

(approximately 150 µm) and filtered in time using a running average filter over a 5 ms 

window. Positive VSD signals mainly reflect the dendritic depolarization of neurons (Chemla 

and Chavane, 2010). We restricted the analysis in this study to the first positive reflection 

that was present after stimulation in all of our experiments. This positive reflection is 

hereafter referred to as ‘the response’ (Figure 1D). The undershoot following this initial 

response, probably as a result of a change in intrinsic properties of the slice after activity, 

was not further analyzed (Shoham et al., 1999). 

Histology and DiI tracing. After VSD imaging, slices were fixed with 4% paraformaldehyde 

(PFA) overnight at 4˚C. Slices were stained free floating with cresyl-violet, dehydrated with 

alcohol, cleared in xylene, mounted and coverslipped. Borders between the PER, LEC and 

MEC were identified based on the anatomical and cytoarchitectonic characteristics of the 

different areas (Burwell, 2001; van Groen, 2001; Insausti et al., 1997; Paxinos and Franklin, 

2001) and the placement of stimulation electrodes in the AiP and LA was verified. A DiI 

neuronal tracing experiment was performed to examine the axonal projections originating in 

the AiP and LA onto the PER/EC network in slices. Sonified DiI crystals (ThermoFisher 

Scientific, Waltham, ME) were injected into the AiP and LA of 400 µm horizontal slices 

containing the AiP, LA and PER/EC network. The slices were incubated in oxygenated 

(95%O2/5%CO2) ACSF at room temperature for 24 hours. Slices were fixed in 4% PFA (30 

minutes at RT) and stored in 30% sucrose in phosphate buffered saline for cryoprotection. 

For imaging, slices were snap frozen and re-sectioned into 16 µm sections. Sections were 

https://paperpile.com/c/aKQZdM/sIrJG
https://paperpile.com/c/aKQZdM/sIrJG
https://paperpile.com/c/aKQZdM/s3gzm
https://paperpile.com/c/aKQZdM/PbwVc+HFFYX+XFwWh+9dvJv
https://paperpile.com/c/aKQZdM/PbwVc+HFFYX+XFwWh+9dvJv
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embedded in VectaShield (Vector Laboratories, Burlingame, CA) containing DAPI for nuclear 

counterstaining. 

Statistics. All values are reported as mean and standard error of the mean (SEM). Unless 

otherwise mentioned, Students t-test or linear regression were used to perform statistical 

analysis in MatLab (Mathworks, Natick, MA). P < 0.05 was considered to indicate significance 

of the results. 

 

Results  

AiP but not LA stimulation evokes responses in the PER/EC network 

AiP stimulation. Control experiments were recorded in 9 out of 11 slices in standard ACSF. 

Figure 2A shows a typical example of the time course of the signals recorded from channels 

in the PER, LEC, and MEC in response to electrical stimulation (500 µA) in the superficial 

layers of the AiP. To visualize the spatiotemporal distribution of the evoked response, the 

spatial pattern of the activity in the PER/EC network at specific time points is shown in figure 

2B. The AiP-evoked response first appeared in the PER (Figure 2A, 2Bb), followed by a 

response in the LEC (Figure 2A, 2Bb). To evaluate the recruitment sequence of the PER/EC 

network, the response latencies, defined as the time difference between the moment of 

stimulation and the onset of the evoked response, were determined for the responses 

obtained from PER, LEC and MEC.  The onset of the evoked response for each diode channel 

was defined as the point in time where the signal amplitude exceeded 5 times the standard 

deviation of the baseline signal determined from a 100 ms time window before the 

stimulation (Figure 1D, Hama et al., 2015). The typical latency pattern in response to AiP 

stimulation showed a gradual increase in latency from the PER towards the LEC (Figure 2E), 

in which PER activity preceded LEC activity (Figure 2E, G). AiP evoked activity was not 

conveyed to the MEC in 8/9 slices the control condition. 

LA stimulation. The LA was stimulated at 500 µA in the same slices to examine LA evoked 

neuronal activity in the PER/EC network in the control condition. The typical time course (fig 

2C) and a typical example of the spatiotemporal distribution (fig 2D) of the LA-evoked 

responses in the PER/EC network and in the LA is shown. The latter showed an evoked 

response immediately after stimulation (Figure 2C, D) with a short latency (< 10 ms; Figure 

https://paperpile.com/c/aKQZdM/ZVnrQ
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2F). The PER/EC network displayed small, short latency responses in the deep layers of PER 

(Figure 2C, D, F) in a subset of slices (6/9 slices). LA stimulation evoked responses in the LEC 

in 2 out of 9 slices (Figure 2G).  

 

 

Figure 2. Typical example of the temporal (A, C) and spatial (B, D) pattern of evoked AiP and LA responses at 
500 µA in the subregions PER, LEC and MEC when slices were perfused with normal ACSF (control condition). 
A, C. Evoked response recorded at selected channels (indicated with an asterisk (*) in B) recorded in the PER 
(purple), LEC (light green), MEC (dark green) and LA (red) after AiP (A) or LA (C) stimulation. The stimulus was 
applied at t = 0 ms (black arrow head). B, D. VSD signal at every channel is plotted with a color-coded scale (0 
- 0.25 ∆A/Amax) at specific time points (a-f) to visualize the spatiotemporal distribution of the evoked activity. 
These spatial maps show evoked response amplitude after stimulation of the AiP (B; at time points a-f 
indicated with dotted lines in A) and LA (D; at six time points a-f indicated with dotted lines in C). Borders of 
the subregions are separated by solid lines. E, F. Spatial distribution of response latencies at every channel 
after AiP (E) and LA (F) stimulation, applied at t = 0, visualized using a color-coded scale (bins of 1 ms). Note 
that the time window of the color scale bar for AiP stimulation (E) is shorter than for LA stimulation (G). G. The 
latency of the responses in the PER, LEC and MEC evoked by AiP (blue dots) and LA stimulation (red dots) of 
obtained from all tested slices (n = 11).  
For abbreviations see figure 1. 
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The AiP and LA recruit the PER/EC network with a different latency when inhibition is reduced 

The previous results showed that afferent stimulation recruits a relatively small part of 

the PER/EC network in the control situation, especially in response to LA stimulation. We 

hypothesize that a possible explanation resides in the activation of the GABAergic inhibitory 

network. The PER/EC network consists of both short and long range inhibitory connections 

(Apergis-Schoute et al., 2007; Barinka et al., 2012; Pinto et al., 2006; Unal et al., 2013), which 

likely regulate activity transfer through the PER/EC. A competitive GABAA antagonist was bath 

applied to further address role of GABAergic inhibition in the propagation of stimulus evoked 

activity through the PER/EC network.  

AiP stimulation. The AiP was electrically stimulated at 500 µA to investigate the responses 

in the PER, LEC, and MEC in the presence of 1 μM bicuculline in the bath. Figure 3A shows 

the time course of the signals from the PER, LEC, MEC and a typical example of the spatial 

pattern of the activity in the PER/EC network at specific time points is shown in figure 3B. 

The AiP-evoked response first appeared in the PER (Figure 3A, 3Bb), followed by a response 

in the LEC (Figure 3A, 3Bc) and the MEC (Figure 3A, 3Bd-f) in all recorded slices (n = 11). The 

latency pattern in response to AiP stimulation showed typically a gradual increase in latency 

from the PER towards the MEC (Figure 3E). The mean response latency of the PER/EC deep 

and superficial layers was determined by averaging the latencies of all channels within these 

3 subregions (Figure 3G). The latency of the response increased from rostral to caudal in the 

PER/EC (F(2,29) = 25.7, p<0.001). The PER superficial and deep layers first showed activity. 

The LEC was activated second, first the deep layers and subsequently the superficial layers 

and finally the response was detected in the MEC (Figure 3 A, B, G). 

LA stimulation. The LA was stimulated at 500 µA to examine the effect of reduced GABAA 

mediated inhibition on evoked neuronal activity in the PER/EC network. The typical time 

course of evoked responses in the LA, PER, LEC, and MEC is shown in figure 3C and a typical 

example of the spatiotemporal distribution of the LA stimulation evoked activity is shown in 

figure 3D. The LA itself showed an evoked response directly after stimulation (Figure 3C, D). 

Approximately 50 ms later, the response appeared in the deep layers of the PER and EC 

(Figure 3C, D) and subsequently the activity was observed the superficial layers of the PER 

and EC. The latency profile of the evoked responses by LA stimulation was determined to 

examine the pattern of PER/EC network recruitment (Figure 3F). Typically, the PER deep 

https://paperpile.com/c/aKQZdM/xISW+xHOR+OiE6+BnI6
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layers were the first to show responses, followed by the LEC and deep layers of the MEC 

(Figure 3F, G). The superficial layers of the PER/EC network responded later than the deep 

layers (Figure 3G, PER: t(10) = 2.23, p=0.05; LEC: t(12) = 2.21, p=0.047; MEC: t(10) = 2.91, 

p=0.02). A striking detail is that the responses in the superficial PER and EC appeared after a 

delay. 

Figure 3. Typical example of the temporal (A, C) and spatial (B, D) pattern of AiP and LA stimulation induced 
responses at 500 µA in the subregions PER, LEC and MEC in the presence of 1 µM GABAA antagonist bicuculline. 
A, C. Evoked response recorded at selected channels (indicated with an asterisk (*) in B) recorded in the PER 
(purple), LEC (light green), MEC (dark green) and LA (red) after AiP (A) or LA (C) stimulation. The stimulus was 
applied at t = 0 ms (black arrow head). B, D. VSD signal at every channel is plotted with a color-coded scale (0 
- 0.25 ΔA/Amax) at specific time points (a-f) to visualize the spatiotemporal distribution of the evoked activity. 
These spatial maps show the evoked response amplitude after stimulation of the AiP (B; at points a-f in time 
indicated with dotted lines in A) and LA (D; at points a-f in time indicated with dotted lines in C). Borders of the 
subregions are indicated by solid lines. E, F. Spatial distribution of response latencies at every channel after AiP 
(E) and LA (F) stimulation, applied at t = 0, visualized using a color-coded scale (bins of 1 ms). Note that the 
time window of the color scale bar for AiP stimulation (E) is shorter than for LA stimulation (G). G. The latency 
of the responses in all channels in the PER, LEC and MEC evoked by AiP (blue dots) and LA stimulation (red 
dots) of obtained from all tested slices (n = 11). Every dot represents the latency on a single channel. The 
average latency in the superficial (squares) and the deep layers (triangles) are plotted in black.  
For abbreviations see figure 1. 
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The latencies of AiP - and LA evoked responses were pairwise compared to address 

differences between the spatiotemporal pattern of the AiP and the LA evoked activity in the 

PER/EC network. The LA evoked response latency was longer than the AiP evoked response 

latency in the complete PER/EC network (Figure 3G, t(8) =-2.58, p=0.03). Thus, AiP 

stimulation as well as LA stimulation activated the PER/EC network if inhibition is reduced, 

however the onset of the recruitment of the PER/EC network is delayed for LA stimulation 

compared to AiP stimulation.    

  

Propagation of activity induced by AiP and LA stimulation in the PER/EC network 

The sequence of response appearance in the PER/EC network in the presence of 1 μM 

bicuculline was further addressed to evaluate the propagation of activity. The position-

dependent differences in latency were interpreted as an indication of propagation of activity 

through the PER/EC network. From the local latency values we calculated the propagation 

velocity of response initiation: a velocity vector that is displayed for each channel. 

Figure 4A shows a typical example of the propagation velocity field of AiP evoked activity. 

The next step in the spatial analysis was to decompose the velocity vector into components, 

with two main directions: Towards MEC and AiP in the longitudinal direction (Figure 4C’, 

parallel to the pia) and towards the white matter (WM) and pia in the perpendicular direction 

(perpendicular to the pia - Figure 4C’’). The percentage of the decomposed vectors pointing 

in the direction of the MEC or WM was plotted for PER, LEC and MEC (Fig 4D and E, 

respectively). 

AiP stimulation evoked responses in the PER and LEC that propagated mainly in the 

rostral-to-caudal direction, preferentially towards the MEC (Figure 4D). In the perpendicular 

direction, AiP evoked responses preferentially propagated towards the white matter in the 

PER/EC network (Figure 4E). LA evoked activity propagation in the longitudinal direction 

showed no clear preference in the PER and a preference towards the more caudal areas in 

the LEC (Figure 4D). Furthermore, there was a clear propagation preference in the 

perpendicular direction in the PER and LEC from the deep-to-superficial layers (Figure 4E). In 

the MEC, AiP and LA evoked responses showed a comparable propagation direction in the 

longitudinal direction towards the caudal MEC. The AiP evoked a response in the 
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perpendicular direction towards the white matter, while the LA there was no preference in 

the MEC (Figure 4D, E).  

Figure 4. Propagation of stimulus evoked responses. A,B. Typical example of the latency gradient in response 
to AiP (A) and LA (B) stimulation (500 µA) in the presence of 1 µM bicuculline. The vector maps indicate the 
propagation direction and the relative velocity, scaled between the highest and lowest velocity calculated. C. 
Decomposition method of the vector along the longitudinal (C’) and perpendicular (C’’) axis. D. Preference of 
the propagation direction in the longitudinal direction for AiP (blue) and LA (red) evoked responses as 
percentage of longitudinal direction towards the MEC. The small dots represent the percentage for every 
experiment, the open circle represents the average ± SEM over all tested slices. E. Preference of the 
propagation direction in the perpendicular direction towards the white matter (WM) for AiP (blue) and LA (red) 
evoked responses as a percentage toward the WM. F, G. Magnitude of the propagation velocity  in the 
longitudinal (F) and perpendicular (G) direction for AiP (blue) and LA (red) evoked responses.  
For abbreviations see figure 1. 
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We calculated the main velocity for all the components in the longitudinal (Figure 4F) and 

perpendicular direction (Figure 4G) per subregion (averaging over all diodes within the 

subregion). The velocity in the longitudinal and perpendicular direction in response to AiP 

stimulation reduced from PER to MEC, while the velocity was comparable in all subregions in 

response to LA stimulation. The propagation velocities in the MEC were low, between 0.02 

and 0.03 m/s, in both the longitudinal and perpendicular direction, for AiP as well as LA 

stimulation (Figure 4F, G).  

The propagation pattern of AiP - evoked responses in the PER and the LEC was directed 

from rostral to caudal, whereas LA evoked responses propagated from the deep to superficial 

layers. In the MEC, AiP and LA stimulation evoked responses that propagated in the same 

direction. 

 

Primary projection site of AiP and LA afferents in the PER/EC network 

The results described above showed that the PER/EC network is recruited after both AiP 

and LA stimulation in the presence of 1 μM bicuculline. However, the question remains how 

projections from the AiP and LA to the PER/EC network are organized. To examine the 

primary projection site for AiP and LA efferents to the PER/EC network, DiI neuronal tracer 

was injected in 400 µm slices (n = 4). AiP injection resulted in localized cortical staining of 

tissue in the superficial layers of the AiP (Suppl. Figure 2A). After DiI injection in LA, a 

projection to the deep layers of the PER was observed (Suppl. Figure 2B).  

It was expected that regions primarily receiving the projection from the AiP or LA would 

respond to low stimulation intensities, whereas increasing the intensity would increase the 

recruited area. Therefore, the region showing responses after low intensity AiP and LA 

stimulation was examined in the control condition to determine which area was initially 

recruited in the PER/EC network by AiP or LA stimulation. Low intensity stimulation (50 µA) 

of the AiP in the control condition recruited the superficial and deep layers of the PER and 

LEC only in 3/9 slices (Suppl. Figure 1A, B). Once the network was recruited (3/9 slices), the 

shape of the response remained generally the same (Suppl. Figure 1B). MEC responses were 

never observed. When 1 µM bicuculline was applied, 50 µA AiP stimulation resulted in 

recruitment of the PER/EC network in 9/11 slices (Figure 5A). 
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Low intensity LA stimulation (50 µA) in the control situation (Suppl. Figure 1 C, D) only 

recruited a small area of the PER/EC network in 6 out of 9 slices: the activity was mainly 
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observed in the PER deep layers (Suppl. Figure 1C), in line with the DiI staining observed in 

the PER deep layers (Suppl. Figure 2B). After application of 1 µM bicuculline, activity evoked 

by both low and high intensity stimulation spread towards superficial layers of the PER and 

MEC (Figure 5D). 

 

Increasing stimulus intensity in the LA decreases the response latency in the PER and EC 

To address the effect of increasing stimulus intensity on the latency and the spatial spread 

of evoked responses the AiP and LA were stimulated at four different intensities (i.e. 50, 100, 

300 and 500 μA). Figure 5A shows a typical example of the spatiotemporal pattern of evoked 

responses at increasing stimulation intensities in the presence of bicuculline. Low intensity 

AiP stimulation (i.e. 50 and 100 μA, Figure 5A) already evoked responses above threshold in 

the PER/EC network in 9/11 slices. Stimulation at higher intensities evoked responses in all 

slices (11/11 slices, Figure 5A). AiP evoked activity propagated to the MEC at all tested 

stimulus intensities. 

The typical responses to AiP stimulation at a specific channel in the LEC (Figure 5B inset) 

are presented for the four tested intensities (Figure 5B). The shape of the response is 

comparable across intensities, so the latency response could be compared to examine the 

relation between latency and stimulation intensity. Figure 5C shows the latency of all 

channels in the PER/EC network at the four different stimulation intensities of the 

experiment shown in Figure 5A. Linear regression analysis was performed to reveal a possible 

relation between the stimulus intensity and the latency in the PER/EC network. If the slice 

responded to all four stimulus intensities (9/11 slices), increasing the AiP stimulation intensity 

was related to a decrease in the latency of responses in the PER/EC network (Figure 5B, C; 

Regression analysis: slope = -0.05 ± 0.05, t(8) = -3.09, p=0.01). 

 Figure 5. Typical example of evoked responses after AiP (A, B) and LA (D, E) stimulation at 4 intensities (50, 
100, 300 and 500 μA) in the presence of 1 µM bicuculline. A. Plots of the response latency distribution after AiP 
stimulation at the 4 increasing stimulus intensities (A, bins of 1 ms). B. Temporal pattern of the AiP evoked 
response at 4 stimulus intensities recorded in the LEC at the channel indicated with an asterisk (*) in the inset. 
The arrowhead indicates the moment of stimulation. C. Distribution plot of the latencies at all channels in the 
PER/EC network in the typical example represented in A, in response to AiP stimulation as a function of 
stimulus intensity. The data is fitted with a regression line (dotted line). D. Plots of the response latency 
distribution after LA stimulation at 4 intensities (D, bins of 1 ms). Note the large color bar scale (0-250 ms) 
compared to the AiP evoked responses (A, 0-60 ms). E. Temporal pattern of LA evoked response at 4 stimulus 
intensities recorded in the LEC at the channel indicated with an asterisk (*) in the inset. F. Distribution plot of 
the latencies at all channels in the PER/EC network in response to LA stimulation as recorded in the typical 
example of D as a function of stimulus intensity. The data is fitted with a regression line (dotted line). 
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Furthermore, the extent of the region showing responses was determined by calculating 

the number of channels showing evoked responses relative to the total number of channels 

covering the superficial or deep layers of the PER, LEC and MEC (Figure 6A, B). AiP stimulation 

(Figure 6C-D), either low (50 µA) or high (500 µA) intensities, always recruited a similar sized 

area of the PER/EC network in the superficial as well as in the deep layers (Figure 5A, 6C-D).  

Figures 5D - F display an example of the same slice showing LA evoked responses to all 

four stimulation intensities. LA stimulation at 50 μA evoked a response in the PER/EC network 

in 5/11 slices. With increasing the stimulus intensity (100 - 500 μA) the PER/EC network 

responded in 9/11 slices to LA stimulation and the latency of LA evoked responses in the 

PER/EC network strongly decreased (Figure 5E, F). Regression analysis on the latency of all 

responses in the PER/EC network over all slices revealed a linear relationship between 

increasing stimulation intensities and a decrease in the latency of responses (Figure 5F; 

Regression analysis: slope = -0.211 ± 0.002, t(4) = -6.59, p=0.003). 

 

Figure 6. Extent of activated region at two stimulation intensities in the superficial and deep layers of the PER/EC 
network in the presence of 1 µM bicuculine. A, B. Schematic overview of the analyzed subregions of the PER/EC 
network in the superficial (A) and deep (B) layers. C, D. The ratio of channels detecting a response to the total 
amount of diodes in a subregion upon 50 μA and 500 μA AiP (blue) or LA (red) stimulation was calculated for 
the superficial (C) and deep (D) layers of the PER/EC network for all slices tested (n=11). 
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The ratio of responding channels after LA stimulation was determined at low (50 µA) and 

high (500 µA) intensities. Stimulation of the LA at low stimulus intensities primarily activated 

the deep layers of the PER and LEC and subsequently the deep layers of the MEC. Higher 

stimulus intensities recruited the superficial layers of the PER, LEC, and MEC as well (Figure 

5D, 6C-D). In the 5 slices that showed responses to all LA stimulation intensities, the size of 

the recruited area increased with increasing stimulus intensity in both deep and superficial 

layers (Figure 5D, 6C-D).  

It took more time for LA stimulation to recruit the PER/EC network compared to AiP 

stimulation for all intensities and the network recruitment delay decreased with increasing 

LA stimulation intensity. The threshold for PER/EC network recruitment was lower for the AiP 

than the LA afferents, suggesting more efficient recruitment of the PER/EC network by its AiP 

afferents. 

 

Discussion  

AiP and LA projections differently target the PER/EC network. The AiP has direct axonal 

projections primarily to the PER superficial layers (Mathiasen et al., 2015). In contrast, the LA 

projects to both deep and superficial layers of the PER and LEC (Pitkänen et al., 2000; Sparta 

et al., 2014). These distinct projections are hypothesized to recruit the PER/EC network in a 

different fashion. Using VSD imaging, we recorded stimulus evoked activity in the PER/EC 

network and this technique provided the opportunity to analyze subregion, and cortical layer 

specific recruitment of the PER/EC network. A different spatiotemporal activation pattern of 

the mouse PER/EC network was revealed in response to AiP and LA stimulation. Furthermore, 

the results that the inhibitory circuitry can regulate the functional recruitment of the PER/EC 

network by its insular and amygdala afferents. We used the competitive GABAA antagonist 

bicuculline to reduce the inhibition in this study. The concentration used (1 µM) reduces the 

GABAergic inhibition, by blocking approximately 20% of the GABAA dependent chloride 

conductance (Alger and Nicoll, 1982). This concentration has never shown to induce 

epileptiform activity (Iijima et al., 1996; Menendez de la Prida and Pozo, 2002).  
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Sequential PER and EC network recruitment in response to AiP stimulation 

First, we determined which subarea of the PER/EC network was primarily recruited after 

stimulation. In the control condition, AiP stimulation at low intensities recruited first the PER 

and subsequently the LEC in 3/9 slices. This was corroborated by the recruitment pattern 

after high intensity stimulation, in which the PER was the first area to show evoked activity 

in all slices. Likewise, Pelletier et al. (2004) showed that neocortical stimulation was more 

effective in activating PER neurons compared to EC neurons in the in vivo cat brain. Based on 

anatomical evidence, these PER responses may result from both mono- and polysynaptic 

connections (Mathiasen et al., 2015). DiI injections in the AiP primarily labeled axons close to 

the injections site, indicating that the evoked activity in the PER/EC network in this study is 

mainly of a polysynaptic origin. 

Reducing GABAergic inhibition changed both the spatial and temporal aspect of the 

propagation pattern evoked by AiP stimulation. Detailed evaluation of the propagation 

pattern in the presence of bicuculline showed that, following the initial PER activity, the LEC 

showed responses. This is most likely accomplished by polysynaptic projections from the AiP 

via the PER superficial layers to the LEC (Biella et al., 2001; Burwell and Amaral, 1998; Martina 

et al., 2001b; van Strien et al., 2009; de Villers-Sidani et al., 2004). The MEC was eventually 

only recruited during the partial block of GABAA receptors. The latency of this MEC activation 

was longer than that for the PER and LEC, in line with the polysynaptic intrinsic EC projections 

(Canto et al., 2008; Lavenex and Amaral, 2000) and possible a strong influence of inhibitory 

neurons on excitation in the MEC network (Jones and Bühl, 1993). 

Besides the longitudinal propagation from the PER to the MEC in response to AiP 

stimulation, there was a perpendicular recruitment from the superficial toward the deep 

layers in the PER/EC network, which is hypothesized to reflect cortical columnar processing 

(Hirata and Sawaguchi, 2008; Wester and Contreras, 2012). Corresponding to this 

hypothesis, this study showed that both superficial and deep layers of the PER/EC network 

were both recruited after AiP stimulation. The superficial-to-deep spread in PER could be 

explained by the projection from the layers II/III to layer V pyramidal cells (Markram et al., 

1997). The layer V activity could create a horizontal spread of excitation over the cortical 

network (Tanifuji et al., 1994; Wester and Contreras, 2012).  
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The propagation velocities determined in PER and LEC are comparable with those 

reported in neocortical slices, where they are suggested to reflect sequential synaptic 

activation of interconnected adjacent neurons (Sato et al., 2012; Wadman and Gutnick, 

1993; Wu et al., 2008). In light of these findings, the results presented here suggest a 

columnar recruitment of the PER/EC network in response to AiP stimulation. The velocity 

decreased in the MEC, probably indicating the involvement of polysynaptic network 

recruitment involving a balanced interplay between excitation and inhibition in the MEC 

(Biella et al., 2002). This polysynaptic propagation of activity in the MEC could result in a less 

synchronized and therefore more time consuming recruitment of the network. 

 

Delayed recruitment of the PER/EC network after LA stimulation 

LA stimulation evoked a response restricted to the LA and a small portion of the PER deep 

layers in the control condition. This observation was confirmed by DiI labeling located in the 

PER deep layers. When inhibition was reduced, the deep layers of the PER and subsequently 

the deep layers of the LEC were recruited after LA stimulation. Anatomical tracer studies in 

vivo described that fibers from the amygdala terminate in all layers of the PER and EC. While 

the PER afferents are mainly glutamatergic, the EC receives both glutamatergic and 

GABAergic input (Krettek and Price, 1977; McDonald and Mott, 2016; McDonald and Zaric, 

2015; Petrovich et al., 1996; Pitkänen et al., 2000; Smith and Paré, 1994), suggesting that 

relieve of inhibition results in recruitment of the EC network. 

Increasing the LA stimulus intensity during reduced GABAergic inhibition, increased the 

efficiency of the stimulus: after activation of the deep layers of the PER/EC, their 

corresponding superficial layers were recruited as well. Projections from the LA to the PER 

can uniformly activate the PER along the rostrocaudal axis (Pelletier and Paré, 2002), with a 

large variation in latency (ranging between 2 - 27 ms) but unrelated to the distance between 

the PER and the LA. This uniformity could be achieved by adjustment of the conduction 

velocity (i.e. by differences in myelination and/or axonal thickness) depending on the axon 

length as seen for instance in the olivocerebellar pathway (Lang and Rosenbluth, 2003). 

Uniform recruitment can be advantageous for creating synchrony between brain areas.  

LA evoked response latencies were larger than those of AiP evoked responses, although 

comparable to the delays of 30-60 ms found in VSD imaging studies in acute rodent brain 
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slices (Biella et al., 2010; Kajiwara et al., 2003; Koganezawa et al., 2008). The strikingly long 

delays for PER/EC network recruitment can be explained by various processes. First, LA 

projections to the PER are known to be less dense than neocortical PER afferents. Stimulation 

of the neocortex results in firing of 42% of perirhinal cells in vivo (Pelletier et al., 2004, 2005), 

while LA stimulation orthodromically only activates 15% of the PER neurons (Pelletier et al., 

2005; Pelletier and Paré, 2002). The weak connectivity from the LA towards the PER/EC 

network could result in slowly developing activity in the PER/EC local deep layer network. 

The weak input may recruit a small subset of deep layer neurons, which polysynaptically 

recruit the local PER and EC network. Only once a significant population of the PER/EC 

network is recruited, VSD responses will be detected by the photodiode array. This 

hypothesis is supported by the decreased ratio of channels showing responses in the PER/EC 

network after low intensity LA stimulation. The chance of successful synaptic transmission 

decreases with decreased stimulus intensity and therefore can therefore be a predictor for 

polysynaptic network recruitment (Bailey et al., 2006). Second, the long delays of LA evoked 

responses may be explained by the occurrence of late-spiking (LS) neurons in the LA and in 

the PER, which can delay their firing upon stimulation (Beggs et al., 2000; Faulkner and 

Brown, 1999; McGann et al., 2001; Moyer et al., 2002) and therefore the local recruitment 

of the PER/EC network is possibly postponed. 

 

Comparison of the AiP and LA stimulus induced PER/EC recruitment patterns 

In conclusion, this study presented the spatiotemporal pattern of PER/EC network 

recruitment after stimulation of its AiP or LA afferents. We observed that the AiP initially 

recruits the PER superficial layers, whereas the LA first recruits the PER deep layers. The EC 

network is recruited with a delay. However, both inputs eventually recruit the PER/EC 

network.  

We thus propose that both inputs at least partly share the same polysynaptic network. 

This hypothesis is supported by work of Pelletier et al. (2005). They showed that stimulation 

of the temporal neocortex or the LA both evoke synaptic responses in PER and EC neurons, 

but that the excitatory and inhibitory components depend more on the properties of the 

targeted neuron, rather than on which region is stimulated. However, it is not yet clear 

whether the neocortex and LA directly project to the same cells or whether these inputs 
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project both to their own subset of neurons. Furthermore, Koganezawa et al. (2008) showed 

that LA stimulation could potentiate activity in the EC deep layers evoked by PER stimulation. 

The findings that the AiP and LA share a polysynaptic network, indicates a possible 

modulatory role for the LA in AiP evoked activity in the PER/EC. However, the delay after LA 

stimulation indicated that the LA activation has to precede incoming neocortical input in the 

PER/EC network for emotional loading of neocortical information before it enters the 

memory consolidation circuitry. 

 

Proposed mechanism for PER/EC recruitment by the lateral amygdala and insular activity 

The role of the PER/EC network in the regulation of impulse traffic from neocortical areas 

towards the hippocampus for memory storage has been widely discussed (for review see de 

Curtis and Paré, 2004). There are several reports of low probability transmission of cortical 

or PER evoked activity to the EC (Biella et al., 2003; Kajiwara et al., 2003; Koganezawa et al., 

2008; Pelletier et al., 2004) corroborating the absence of activity propagation towards the 

MEC in the control condition in the present study. Furthermore, we showed that AiP evoked 

activity in the PER can propagate towards the LEC and MEC in acute mouse brain slices in the 

presence of a low concentrations of a competitive GABAA antagonist. We propose that short- 

and long-range GABAergic interneurons can regulate transfer of evoked response through 

the PER/EC network, even entirely into the MEC (Pinto et al., 2006). Martina et al. (2001b) 

observed that electrical stimulation in the neocortex, adjacent to the PER recording site, 

generated both inhibitory and excitatory synaptic potentials in PER neurons, while electrical 

stimulation at more distant sites induced pure excitatory responses. Therefore, the reduction 

in inhibition in our experiment may have several consequences. First, a system of long-range 

GABAergic feed-forward projections is reported in the PER/EC network, consisting of long-

range GABAergic projections from the neocortex to the PER and EC and from the PER 

projection to the EC (Apergis-Schoute et al., 2007; Pinto et al., 2006). Second, recruitment of 

PER neurons may recruit local inhibition, which is capable of impeding the propagation of 

excitation to subsequent areas (Samarth et al., 2016). Slightly diminishing the strength of the 

short-and long-range inhibition - as the concentration of bicuculline used in this study, only 

blocks 20% of the inhibitory GABAA conductance (Alger and Nicoll, 1982) - may facilitate the 
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information transfer through the PER/EC, so excitation can travel over the PER/EC network 

without being hindered. 

Our results suggest that the information propagation through the PER/EC network is 

promoted when inhibition is reduced. In behavioral states, this inhibitory control of 

excitation could regulate information transfer. Once input from various brain areas can 

decrease this inhibitory block or enhance excitation, for example via neuromodulatory 

activity (Apergis-Schoute et al., 2007), the probability of information transfer to the upstream 

areas, for instance the hippocampus, could be increased.  
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Suppl. figure 1. Example of evoked activity in the PER/EC network in response 
to 50 µA stimulation in AiP (A, B) and LA (C, D) in the control condition. Plots of 
the latency distribution after 50 µA stimulation of the AiP (A - bins of 1 ms) and 
LA (C - bins of 1 ms). B. Temporal pattern of AiP evoked response at a channel 
in the superficial layers of the PER indicated with an asterisk (*) in the inset. D. 
Distribution of LA evoked response latencies at 4 stimulus intensities recorded 
at a channel in the deep layers of the PER indicated with an asterisk (*) in the 
inset. The arrowhead indicates the moment of stimulation. 
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Suppl. figure 2. Example of DiI (red) injected slices. A. DiI injection in the AiP in a 400 µm slice resulted in 
localized staining around the injection side (A’). The inset shows the schematic overview of the injection side. B. 
DiI injection in the LA resulted in complete staining of the LA. Furthermore, DiI staining was found in the deep 
layers of the PER (B’). The inset shows the schematic overview of the injection side. Cell nuclei were 
counterstained with DAPI (blue). 



 

 

 

52 

 

  

  



 

Chapter 3 

53 

 

 

 

 
 
 

 
Janske G.P. Willems, Wytse J. Wadman, Natalie L. M. Cappaert 

 
 

 

Hippocampus (2018); 28 (4): 281-296  

DOI: 10.1002/hipo.22830 

 
  

   3 



 

 

 

54 

  

  



 

Chapter 3 

55 

Abstract 

The perirhinal (PER) and lateral entorhinal (LEC) cortex form an anatomical link between 

the neocortex and the hippocampus. However, neocortical activity is transmitted through 

the PER and LEC to the hippocampus with a low probability, suggesting the involvement of 

the inhibitory network. This study explored the role of interneuron mediated inhibition, 

activated by electrical stimulation in the agranular insular cortex (AiP), in the deep layers of 

the PER and LEC. Activated synaptic input by AiP stimulation rarely evoked action potentials 

in the PER-LEC deep layer excitatory principal neurons, most probably because the evoked 

synaptic response consisted of a small excitatory and large inhibitory conductance. 

Furthermore, parvalbumin positive (PV) interneurons - a subset of interneurons projecting 

onto the axo-somatic region of principal neurons - received synaptic input earlier than 

principal neurons, suggesting recruitment of feedforward inhibition. This synaptic input in PV 

interneurons evoked varying trains of action potentials, explaining the fast rising, long lasting 

synaptic inhibition received by deep layer principal neurons. Altogether, the excitatory input 

from the AiP onto deep layer principal neurons is overruled by strong feedforward inhibition. 

PV interneurons, with their fast, extensive stimulus-evoked firing, are able to deliver this fast 

evoked inhibition in principal neurons. This indicates an essential role for PV interneurons in 

the gating mechanism of the PER-LEC network. 
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Introduction 

The perirhinal (PER) and the lateral entorhinal (LEC) cortex are both involved in processing 

object information in the so called ‘what’ pathway (Witter et al., 1989; van Strien et al., 2009; 

Eichenbaum et al., 2012). The PER and LEC receive afferent projections from the agranular 

insular cortex (AiP) (Burwell, 2000; Mathiasen et al., 2015), a neocortical area involved in 

emotional, interoceptive and exteroceptive signal processing (Nieuwenhuys, 2012). In turn, 

PER and LEC axons project to the hippocampal formation (for review see Witter, 1993). 

Although there are anatomical projections present to convey information from the 

neocortex, through the PER and LEC, to the hippocampal formation, neuronal activity is not 

reliably transmitted through this network (Biella et al., 2002; Pelletier et al., 2004; Willems et 

al., 2016). This suggests that the PER-LEC network, instead of simply acting as a relay station, 

actively selects and processes information (de Curtis and Paré, 2004). 

Still, the neuronal mechanism behind these selecting and processing capabilities is not 

fully understood. It is shown though, that principal neurons in both the PER and LEC network 

stop firing up to 300 ms when a cortical input is received (Pelletier et al., 2004). This 

suppression presumably originates from inhibitory interneurons as reducing the inhibition by 

partly antagonizing the GABAA receptor activity resulted in reliable transmission of 

neocortical synaptic input, implying a role for GABAergic interneurons in controlling relay of 

activity in the PER-LEC network (Koganezawa et al., 2008; Willems et al., 2016). 

Previous studies also showed that a stimulus in the local PER-LEC network evoked 

inhibitory as well as excitatory responses, whereas a distal stimulus resulted mainly in 

excitation (Biella et al., 2001; Martina et al., 2001). This suggests that inhibition is mainly 

recruited in the local circuitry (Unal et al., 2013). An ultrastructural study revealed that the 

GABAergic neurons are presumably organized in a feed-forward manner (Pinto et al., 2006). 

The origin of the functional inhibition in the PER-LEC network is still needs to be determined. 

Potential candidates for efficient inhibitory control of principal neurons are parvalbumin 

positive (PV) interneurons (Pfeffer et al., 2013). This interneuron type is present in all layers 

of the PER and even more abundantly in the LEC (Wouterlood et al., 1995). PV interneurons 

are known for their high-frequency firing capabilities and they project onto the axo-somatic 

region of principal neurons. Hence, PV interneurons are capable of strongly regulating 
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principal neuron output by shaping oscillatory activity (Cunningham et al., 2006; Sohal et al., 

2009). Loss of inhibition in the PER-LEC is associated with pathologies involving 

hyperexcitability such as temporal lobe epilepsy and psychiatric illness (Cunningham et al., 

2006; Kumar and Buckmaster, 2006). Furthermore, PV interneuron numbers decrease 

tremendously in the PER of epileptic rats (Biagini et al., 2013) and PV interneuron activation 

can terminate epileptic activity in the mouse model for epilepsy (Assaf and Schiller, 2016).  

This study investigated whether the interplay between principal neurons and PV 

interneurons performs a role in processing of synaptic input to the deep layers of the PER-

LEC network. We examined the stimulus evoked synaptic input and action potential firing 

patterns in principal neurons and PV interneurons to address the functional output of the 

PER-LEC network once synaptic input is processed in the local circuitry. 

 

Materials and Methods 

Animals. Experiments were performed on 22 male and female C57Bl/6 mice (Harlan 

Netherlands BV, Horst) and 18 male and female Pvalbtm1(cre)Arbr (Hippenmeyer et al., 2005)/ 

Gt(ROSA)26Sortm1(EYFP)Cos (Srinivas et al., 2001) (PV/YFP) transgenic mice. Experiments to 

confirm the reversal potential for fast, chloride mediated inhibition were performed on 4 

Pvalbtm1(cre)Arbr /Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze (Madisen et al., 2012) transgenic mice. 

All animals were between the ages of P28 and P42. Animal care and experiments were 

approved by the Animal Care and Use committee of the University of Amsterdam and were 

in accordance with European guidelines. 

Slice preparation. Animals were killed by decapitation, whereafter the brain was rapidly 

removed and stored in ice-cold modified artificial cerebrospinal fluid (mACSF) containing (in 

mM): 120 choline chloride, 3.5 KCl, 5 MgSO4, 1.25 NaH2PO4, 0.5 CaCl2, 25 NaHCO3, 10 D-

glucose (pH 7.4, 300 - 315 mOsmol), oxygenated with 95% O2/5% CO2 for at least 30 minutes. 

Horizontal slices (400 µm thick) containing the neocortical AiP, PER and LEC (Figure 1 e, 

Willems et al., 2016) were cut in ice-cold mACSF using a VT1200S vibratome (Leica 

Biosystems, Nussloch, Germany). Functional projections from the AiP to the PER and EC are 

present in this slice preparation (von Bohlen und Halbach and Albrecht, 2002; Mathiasen et 

al., 2015; Willems et al., 2016). After sectioning, slices were incubated in ACSF containing (in 
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mM): 120 NaCl, 3.5 KCl, 1.3 MgSO4, 1.25 NaH2PO4, 2.5 CaCl2, 25 NaHCO3, 10 D-glucose, 

oxygenated with 95% O2/5% CO2 (pH 7.4, 300 - 315 mOsmol) at 32˚C for 15 minutes, 

thereafter slices were kept at room temperature until the recording started. 

Whole cell recordings in principal neurons. In total 81 principal neurons were recorded in 

the PER and LEC deep layers. The localization of the PER and LEC in our slice preparation was 

based on the mouse brain atlas (Paxinos and Franklin, 2001). Patch pipettes were pulled 

using micropipette puller model P-87 (Sutter Instrument, Novato, CA) and had a resistance 

of 3-5 MΩ. Whole-cell recordings were performed using an intracellular solution containing 

(in mM): 131.25 K-gluconate, 8.75 KCl, 10 HEPES, 0.5 EGTA, 4 MgATP, 0.4 Na2GTP, pH 

adjusted to 7.4, 295 - 300 mOsmol. 1% biocytin (Sigma-Aldrich, Saint Louis, MO) was added 

to the intracellular solution for post hoc visualization and morphological identification of the 

recorded neuron. During the recordings, slices were perfused with ACSF of 30˚C at a rate of 

2 mL/min. Deep layer PER and LEC principal neurons were selected based on large soma size 

using a Scientifica SliceScope Pro 6000 (Scientifica, Uckfield, UK). Whole-cell recordings were 

made using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), filtered at 10 

kHz, sampled at 100 kHz and digitized using a NI DAQ usb-6259 (National Instruments, Austin, 

TX). Software for data-acquisition was custom made in MatLab (MathWorks, Natick, MA). All 

voltage signals were corrected online for a -14 mV junction potential. Principal neurons were 

approached with slight pressure on the pipette and when pressure was released the pipet-

cell contact had to reach a seal of 1 GΩ before break in. Immediately after break in, the 

resting membrane potential was recorded in current clamp at a 0 pA holding current. Access 

resistance was compensated for at least 50 – 60% and recordings with an access resistance 

higher than 20 MΩ or with more than 25% change during the recording were discarded.  

In some experiments, the glutamatergic transmission was blocked by bath application of 

20 µM AMPA receptor antagonist CNQX (Abcam, Cambridge, UK) and 10 µM NMDA receptor 

antagonist APV (Tocris, Bristol, UK). All other chemicals were obtained from Sigma-Aldrich 

(Saint-Louis, MO). 

Electrical stimulation. For electrical stimulation, a bipolar tungsten stimulus electrode 

(World Precision Instruments, Sarasota, FL) with a tip separation of 125 µm was placed under 

visual guidance in the superficial layers of the AiP. A single bi-phasic stimulus pulse (160 
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µs/phase) was applied using a DS4 bi-phasic current stimulator (Digitimer Ltd, Hertfordshire, 

UK). 

Data analysis. The response latency, defined as the onset of an EPSC, EPSP or an 

excitatory or inhibitory conductance, was determined as the time difference between the 

stimulus and the point where the signal exceeded 8 times the baseline standard deviation, 

within 75 ms after the stimulus was applied.  If a response latency was detected the peak 

and the half width of the response were determined. The peak of the response was 

characterized as the maximum amplitude after the onset latency and the half width was 

defined as the time between the point where the response crosses the 50% of the maximum 

response before and after the peak. The peak and peak time of the action potentials was 

determined using Matlab (peakdet function), to address the presence and rate of action 

potential firing. 

Decomposition of stimulus evoked synaptic currents. The evoked synaptic response in a 

neuron contains components that originate from excitatory and inhibitory synapses. As 

blocking some of these components with pharmaceuticals will affect all responses in the 

network, we linearly decomposed the current into two underlying components that have a 

different reversal potential. The post-synaptic cell was clamped at potentials between -90 

mV and -50 mV, while evoking the same, voltage-independent, synaptic conductance (see 

inset in Figure 3 b-c). After subtraction of the stimulus independent background current, this 

results in a membrane current that contains the excitatory synaptic current and the 

inhibitory synaptic current: 

𝐼𝑚(𝑡) = 𝐼𝑒𝑥𝑐(𝑡) + 𝐼𝑖𝑛ℎ(𝑡) 

These currents are the result of the excitatory and the inhibitory synaptic conductances 

(Gexc(t) and Ginh(t)) and their respective driving forces, being the differences between 

membrane voltage Vm and the excitation and inhibition reversal potentials (Eexc and Einh): 

𝐼𝑚(𝑡) =  𝐺𝑒𝑥𝑐(𝑡)(𝑉𝑚(𝑡) − 𝐸𝑒𝑥𝑐) + 𝐺𝑖𝑛ℎ(𝑡)(𝑉𝑚(𝑡) − 𝐸𝑖𝑛ℎ) 

The instantaneous relation between membrane current and membrane can, at each 

moment in time, be summarized by: 

𝐼𝑚 = (𝐺𝑒𝑥𝑐 + 𝐺𝑖𝑛ℎ) ∗ 𝑉𝑚 − (𝐺𝑒𝑥𝑐 ∗ 𝐸𝑒𝑥𝑐 + 𝐺𝑖𝑛ℎ ∗ 𝐸𝑖𝑛ℎ) 

The last equation is the linear I/V relation Im = a * Vm + b, which can be calculated at each 

moment in time and from which the time varying conductances can now be constructed: 
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     𝐺𝑖𝑛ℎ(𝑡) = (𝑏(𝑡) + 𝑎(𝑡) ∗ 𝐸𝑒𝑥𝑐)/(𝐸𝑒𝑥𝑐 − 𝐸𝑖𝑛ℎ) 

     𝐺𝑒𝑥𝑐(𝑡) = (𝑎(𝑡) − 𝐺𝑖𝑛ℎ(𝑡)) 

We performed this calculation for 100 ms after the stimulus and with 0.1 ms time 

resolution. If there are only glutamatergic and GABAAergic synapses activated and we have 

exact knowledge of their (time-invariant) reversal potentials (0 mV respectively -70 mV, 

Purves et al., 2001; Melzer et al., 2012), Gexc and Ginh describe the time course of the synaptic 

conductances in the cell. The reversal potential of the fast, GABAA mediated inhibition was 

verified in slices from transgenic mice expressing the light activated channelrhodopsin (ChR2) 

specifically in PV interneurons. Optical activation of ChR2 in PV interneurons depolarized the 

PV interneurons and evoked action potential firing. In this way, we specifically induced PV 

related IPSCs in the post-synaptic principal cells and calculated the reversal potential of that 

component, revealing the Einh (-70.2 ± 0.4 mV, n=30 IPSCs in 2 principal neurons; data not 

shown). This value, together with the well-established value of 0 mV for the Eexc was used for 

the decomposition. The conductances induced by AiP stimulation were averaged over three 

repetitions.  

Paired whole cell recordings of principal neurons and PV interneurons. PV expressing 

interneurons in the PER and LEC network were identified using transgenic mice conditionally 

expressing YFP driven by the PV promotor dependent cre-recombinase expression 

(Supplementary figure 1 d). YFP was excited at  470 nm using LED illumination light source 

(PE-100,CoolLed Ltd., Andover, UK) and a 479 ± 40 nm emission filter (Thorlabs Inc., Newton 

NJ). Paired whole-cell recordings of one PV interneuron and one principal neuron were 

performed with a maximal inter-soma distance of 200 µm. The firing properties of the cells 

were recorded by injecting a membrane current that set the membrane voltage from -100 

to -30 mV in steps of 5-10 mV. Connectivity between the principal neuron and PV interneuron 

was tested by evoking action potentials in the principal neuron at reproducible random 

moments using a frozen noise current injection (Zeldenrust et al., 2013) and recording 

unitary excitatory post-synaptic currents (uEPSCs) in the PV interneurons clamped at -70 mV 

(Figure 6 a). We strived to induce a firing rate of 1-2 Hz in the principal neuron. The reversed 

configuration was used to establish PV to principal neuron connectivity, holding the principal 

cell at -50 mV in order to record unitary inhibitory post-synaptic currents (uIPSCs) (Figure 6 

b). 
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Next, we addressed the stimulus-evoked synaptic current in voltage clamp (-70 mV) and 

action potential firing in current clamp in response to AiP stimulation in both principal neuron 

and PV interneuron. The maximum stimulus intensity was 836 ± 43 µA, we adjusted the 

stimulation strength on the response of the principal neuron. Subsequently, evoked synaptic 

currents were recorded at five holding potentials (-90 to -50 mV) in the principal neuron and 

PV firing was recorded in current clamp at the same time to compare the estimated evoked 

inhibitory conductance in the principal neuron to the spiking of PV neurons. 

Histology. For visualization of the recorded neurons, slices were fixed in 4% PFA in PBS 

overnight at 4˚C after the recording. After 5 washes in PBS (10 minutes each), sections were 

permeabilized with 0.25% Triton in PBS and biocytin was labeled using Streptavidin-Alexa 

488 conjugate (Sigma-Aldrich, Saint Louis, MO) 1:200 diluted in 0.25% Triton in PBS, 

incubated overnight at 4 ˚C. After staining, slices were washed in PBS and mounted in 

Vectashield (Vector Laboratories Inc., Burlingame, Ca). Biocytin filled neurons were visualized 

using an A1 confocal microscope (Nikon Instruments Europe, Amsterdam, The Netherlands) 

and their morphology was further examined in ImageJ (Schindelin et al., 2012, 2015).   

For the verification of YFP expression specifically in PV interneurons in PV/YFP mice, 

brains were removed like the above procedure and fixed in 4% PFA in PBS for 8 hours at 4 ˚C. 

After fixation, brains were placed in 15% sucrose in PBS for 2 hours and in 30% sucrose in PBS 

until submerged for cryoprotection. Brains were snap frozen in dry ice and 40 µm 

cryosections were made and slices were kept free floating in antifreeze at -20 ˚C. For 

immunostaining, slices were rinsed in PBS and blocked with 10% normal donkey serum in 

0.4% Triton in PBS for 1 hour. Subsequently, slices were incubated with the primary 

antibodies Rabbit-anti-PV (ab11427, Abcam, Cambridge, UK) and anti-GFP-488 conjugated 

(A21311, Invitrogen, Carlsbad, CA) to visualize YFP expression. The primary Rabbit-anti-PV 

antibody was visualized by a Donkey-anti-Rabbit-Cy3 secondary antibody (Jackson 

ImmunoResearch Laboratories, West Grove, PA). Cell nuclei were counterstained with 

Hoechst 33258 (H3569, ThermoFisher Scientific, Waltham,MA). 

Statistics. All values are reported as mean and standard error of the mean (SEM). 

Statistical analysis was performed using Matlab or Prism 6 (Graphpad Software Inc., La Jolla, 

CA). Unless otherwise mentioned, pairwise comparisons were made using Student's t-test; 

multiple comparisons were performed using ANOVA with the appropriate post-hoc tests and 
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correlations were analyzed using linear regression. P<0.05 was assumed to reject the null 

hypothesis. 

 
Results 

Three classes of principal neurons in the PER-LEC deep layers 

Whole cell recordings of 81 deep layer principal neurons in horizontal mouse brain slices 

were performed. Deep layer principal neurons were identified by their physiological 

properties and post-recording visualization of their localization, i.e. pyramidal like cell body 

and basal dendrites in the deep layers (Hamam et al., 2002; Canto and Witter, 2012). Intrinsic 

membrane properties and action potential firing were examined by an 800 – 1000 ms current 

injection with an amplitude evoking hyper- or depolarizations from -100 to -30 mV, in steps 

of 5 - 10 mV. We characterized three principal neuron types in the deep layers throughout 

the rostro-caudal extent of the PER and LEC network (Figure 1, Table 1, Supplementary figure 

1 a-c), analyzing the following characteristics: (1) the presence of a voltage sag upon 

Table 1. Intrinsic properties of principal neurons and PV interneurons 

Property 
RS neurons 
(n = 58) 

LS neurons 
(n = 11) 

BF neurons 
(n = 12) 

PV interneurons 
(n = 63) 

RMP (mV) -63.5 ± 0.5 -64.9 ± 1.2 -63.8 ± 1.3 -65.7 ± 0.5 

Input resistance (MΩ) 105 ± 6 130 ± 9 171 ± 19 110 ± 5 

Membrane τ (ms) 8.7 ± 0.4 6.9 ± 0.7 8.3 ± 0.5 4.4 ± 0.1 

Sag (mV) -2.4 ± 0.2 -0.7 ± 0.1 -2.5 ± 0.4 -0.4 ± 0.1 

Time to first AP (ms) 59 ± 3 143 ± 13 46 ± 7 25 ± 5 

AP threshold (mV) -36.3 ± 0.6 -33.4 ± 0.9 -35.7 ± 1.1 -36.6 ± 0.5 

AP amplitude (mV) 105.3 ± 1.6 103.4 ± 1.2 99.3 ± 2.8 76.9 ± 0.8 

AHP amplitude (mV)1 8.4 ± 0.6 14.5 ± 1.2 10.4 ± 2.1 32.9 ± 0.8 

Spike half width (ms) 0.90 ± 0.01 1.05 ± 0.05 0.82 ± 0.03 0.51 ± 0.02 

Frequency 1st AP (Hz)2 14.9 ± 0.7 9.0 ± 0.8 68 ± 19 57.4 ± 3.6 

Frequency last AP (Hz) 7.9 ± 0.4 8.7 ± 0.9 10.4 ± 1.6 33.8 ± 2.6 

All values are mean ± SEM. All values are measured at the current step above threshold. 
1 AHP amplitude is measured from threshold to maximal afterhyperpolarization 
2 frequency is determined as the inverse of the first inter-spike interval or last inter-spikeinterval 
Abbreviations: RS, regular spiking; LS, late spiking; BF, burst firing; PV, parvalbumin; RMP, resting membrane potential; AP, 
action potential; AHP, afterhyperpolarization. 
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hyperpolarization, (2) latency to the first spike, (3) burst firing (consistent frequency of spike 

1 and 2), and (4) spike frequency adaptation (Faulkner and Brown, 1999; Beggs et al., 2000; 

Canto and Witter, 2012; Fuchs et al., 2016). Regular spiking (RS) neurons (58/81) showed a 

Figure 1. Intrinsic properties of 3 types of 
principal neurons and PV positive 
interneurons in the PER-LEC deep layer 
network. Typical example of the spike 
pattern (left), and spike-frequency plot 
(right) of regular spiking (a), late spiking (b) 
and burst firing (c) principal neurons and 
PV positive interneurons (d, gray). a-d left. 
Top: spike raster plot of four current 
injections of increasing amplitudes. 
Bottom: membrane voltage in response to 
a hyperpolarizing and threshold 
depolarizing current injection. a-d right. 
Spike-frequency of every spike at four 
current injections of increasing 
amplitudes. e. Left top: schematic 
representation of the lateral view of the 
mouse brain, the dotted line indicates the 
slice location. Left bottom: 
Representation of the distribution of the 
three principal neuron types (black) and 
PV interneurons (gray) recorded in a 
schematic horizontal mouse brain slice 
containing the AiP as the stimulated 
neocortical area, the PER and LEC. Right: 
Evoked synaptic currents in response to 
AiP stimulation in three classes of principal 
neurons (black) i.e. RS, LS, BF neurons, and 
PV interneurons (gray).  The responses are 
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regular, adapting firing pattern and a hyperpolarization-induced voltage sag (2.4 ± 0.2 mV, 

Figure 1 a, Table 1). Late spiking (LS) neurons (11/81) showed delayed firing (142.9 ± 13.3 ms) 

and lacked a voltage sag upon hyperpolarization (Figure 1 b, Table 1). Burst firing (BF) neurons 

(12/81) showed a voltage sag (2.5 ± 0.4 mV; Figure 1 c, Table 1) upon hyperpolarization and 

typically fired the first two action potentials at a high frequency (68.4 ± 19.0 Hz) after which 

action potential firing showed adaptation (Figure 1 c). 

 

Stimulus-evoked synaptic input rarely evokes action potential firing in PER and LEC deep layer 

principal neurons 

The recruitment of the PER and LEC deep layers in response to an AiP synaptic stimulation 

was investigated by applying an electrical stimulus in the AiP superficial layers at the intensity 

evoking the maximal synaptic response in 74 principal neurons (average stimulus intensity 

was 754 ± 30 µA) while the voltage was clamped at -70 mV (Figure 2 a, b). The stimulus was 

applied three times, with an inter-stimulus interval of 4 seconds; consecutively recorded 

responses were averaged. The majority of principal neurons (66/74, 89%) received synaptic 

input from the AiP superficial layers after electrical stimulation. The onset latency and peak 

amplitude of the synaptic response were compared between the three types of principal 

neurons. Although BF neurons were more prominently localized in the PER, RS, LS and BF 

neurons did not differ in latency, in case the latency was corrected for the distance from the 

stimulus electrode (latency: F(2,63) = 3.10, p = 0.052).  The peak synaptic response was also 

comparable between the three principal neuron subtypes (F(2, 63) = 0.92, p = 0.4; Figure 1 

e, Figure 2 b’, b’’). The principal neurons are therefore combined into one experimental group 

and analyzed together (n = 66). Analysis of the evoked synaptic current revealed that the 

latency increased with distance along the rostro-caudal PER-LEC axis. If we assume a synaptic 

delay of 0.5 ms in all PER-LEC neurons, the propagation velocity of activity is described by the 

slope of the robust linear fit of the relationship between the latency of responses and 

distance to the stimulus electrode. AiP stimulation evoked activity which propagated with 

0.199 m/s (Figure 2 b’). The peak of responses was not related to the distance from the 

electrode (regression analysis n.s.; Figure 2 b’’) and had an average amplitude of 327 ± 38 pA. 

To address the output of deep layer principal neurons in response to their synaptic input, 

the evoked postsynaptic potentials were recorded in current clamp (Figure 2 c). Only 3 out 
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of 51 principal neurons (1 BF and 2 RS neurons) fired a single action potential in response to 

synaptic input. The peak amplitude of the evoked postsynaptic potentials in non-firing 

principal neurons did not relate to distance from the stimulus electrode (regression analysis 

n.s.; Figure 2 c’). Since stimulus application was repeated three times, we were able to 

address the success rate for the AiP evoked action potentials. The AiP stimulus evoked 3/3 

times an action potential in 2 principal neurons and 1/3 times an action potential in 1 

principal neuron (Figure 5 h, black dots). This led to the probability of the AiP stimulus evoking 

an action potential in spiking neurons of 0.78 ± 0.07. 

Figure 2. Evoked synaptic input and postsynaptic potentials in PER-LEC deep layer principal neurons. a. 
Schematic overview of all principal neurons recorded in a horizontal mouse brain slice of one hemisphere 
containing the AiP (neocortical area), the PER and LEC. The stimulus electrode was placed in the AiP superficial 
layers. PER recorded cells are indicated with an open triangle () and LEC recorded cells are indicated with a 
closed circle (). Colors represent three subtypes of principal neurons, i.e. regular spiking (black), late spiking 
(cyan) and burst firing (orange) neurons. b. AiP stimulus evoked postsynaptic currents in principal neurons 
sorted based on their distance to the stimulus electrode (colors represent three subtypes of principal neurons, 
see a). Principal neurons were voltage clamped at -70 mV, the arrowhead () indicates the moment the 
stimulus was applied. b’. The EPSC onset latency increased when recordings were performed at increasing 
distance from the AiP stimulus electrode (n = 66). Colors represent the three principal neuron subtypes. b’’. 
The stimulus electrode distance did not correlate with the EPSC peak amplitude. c. Current clamp recordings 
of stimulus evoked postsynaptic potentials in 51 principal neurons. EPSPs were consecutively recorded three 
times at resting membrane potential. Only three out of 51 principal neurons responded with a single action 
potential after the stimulus, the other 48 neurons only showed an EPSP. Colors represent the three principal 
neuron subtypes. c’. EPSP amplitude of the neurons which only showed an EPSP, so no firing, after stimulus 
application revealed no relationship between EPSP amplitude and the distance of the recorded neuron to the 
NC stimulus electrode. Colors represent the three principal neuron subtypes. 
Abbreviations: AiP, agranular insular cortex; PER, perirhinal cortex; LEC, lateral entorhinal cortex; R, rostral; C, 
caudal; L, lateral; M, medial; EPSC, excitatory post-synaptic current; RS, regular spiking; LS, late spiking; BF, 
burst firing; EPSP, excitatory post-synaptic potential; PrN, principal neuron. 
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Synaptic input onto deep layer principal neurons is composed of a small excitatory and a larger 

inhibitory conductance 

Since the deep layer principal neurons rarely emitted action potentials in response to a 

synaptic input, we hypothesized that the inhibition-excitation balance was in favor of 

inhibition and aimed to address the relation between the stimulus-evoked inhibition and 

excitation. The synaptic currents recorded at 4-5 holding potentials ranging from -90 to -50 

mV in response to 50% and 100% of the maximum stimulus intensity (Figure 3 b-c, insets) 

were used to estimate the synaptic conductance changes (Figure 3 b-c) evoked by the 

afferent input in 53 principal neurons along the PER-LEC axis (Figure 3 a). The evoked synaptic 

conductance at two stimulus intensities was linearly decomposed into an excitatory and 

inhibitory conductance during 100 ms, under the assumption of a reversal potential of 0 mV 

for excitation and -70 mV for the fast, chloride mediated GABAA dependent inhibition.  

Figure 3. Evoked excitatory and inhibitory conductance in response to AiP stimulation at two intensities. a. A 
schematic overview of the recorded PER () and LEC () principal neurons (n = 48). b. Typical example of the 
Gexc (black trace) and the GABAA mediated Ginh (red trace) calculated from the evoked post-synaptic currents 
shown in the inset, evoked at 50% of the stimulus intensity evoking the maximum response. The arrowhead 
() indicates the moment the stimulus is applied. c. The Gexc (black trace) and the GABAA mediated Ginh (red 
trace) calculated from the evoked post-synaptic currents shown in the inset, of the same cell as in b but with 
100% stimulus intensity. d-f. Quantification of the onset latency (d), peak amplitude (e) and half width (f) of 
the Gexc (black) and Ginh (red) recorded in PER and LEC principal neurons at 50% and 100% of the stimulus 
intensity evoking the maximum response. g. Plot of the difference between the Gexc and Ginh latency in relation 
to the distance from the stimulus electrode in the recorded PER and LEC principal neurons after stimulation at 
100% intensity.  
Abbreviations: Gexc, excitatory conductance; Ginh, inhibitory conductance; PER, perirhinal cortex; LEC, 
entorhinal cortex; R, rostral; C, caudal; L, lateral; M, medial. 
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The latency of the evoked conductances was defined (Figure 3 d). If an evoked 

conductance was detected (n = 49 principal neurons), the peak amplitude and half width 

were determined (Figure 3 e, f). Combined evaluation of the latency, peak amplitude, and 

half width of the inhibitory and excitatory conductance revealed different dynamics for the 

evoked inhibitory and excitatory conductances after stimulation at the intensity evoking the 

maximum response (100% intensity) (F(2.289, 110.3) = 22.68, p<0.0001). Sidak’s multiple 

comparison post hoc analysis showed that the evoked excitatory conductance had a shorter 

latency than the evoked inhibitory conductance (latencyexc = 7.2 ± 0.4 ms, latencyinh = 10.5 ± 

0.6 ms, p<0.0001; Figure 3 b-d), the peak of the inhibitory conductance was larger (peakexc = 

3.8 ± 0.5 nS, peakinh = 8.4 ± 1.1 nS, p<0.0001; Figure 3 b, c, e), and the inhibitory response 

lasted longer (half widthexc = 14.0 ± 1.2 ms, half widthinh = 17.6 ± 2.0 ms, p=0.013; Figure 3 b, 

c, f) compared to the excitatory response. To examine whether the composition of synaptic 

responses changed when the input is weaker, we also stimulated the AiP at the intensity 

evoking the half maximum response (50% intensity, Figure 3 b – f). We found that both 

excitation and inhibition had a slightly longer latency (latencyexc = 8.2 ± 0.4 ms p<0.0001, 

latencyinh = 12.5 ± 0.9 ms, p<0.001), lower peak amplitude (peakexc = 2.1 ± 0.3 nS p<0.001, 

peakinh = 5.2 ± 0.9 nS p<0.0001) and a comparable half width (half widthexc = 16.5 ± 2.0 ms, 

half widthinh = 23.5 ± 3.4 ms) compared to responses evoked at maximum stimulus intensity. 

To address whether the delay between the recruitment of excitation and inhibition was 

different along the rostro-caudal axis of the PER and LEC, we tested whether the difference 

between the latency of the Gexc and Ginh changed with the distance from the stimulus 

electrode (Figure 3 g). We found that there was no relation between the latency difference 

of the Gexc and Ginh and the distance (average delay was 3.3 ± 0.4 ms; regression analysis n.s., 

Figure 3 g), indicating that the delay between excitation and inhibition does not depend on 

conduction velocity from the stimulus to the site of recording, which led to the hypothesis 

that Ginh is likely recruited in the local PER and LEC network. 

 

AiP evoked fast inhibition is recruited in the local PER-LEC network 

The latency of the inhibitory conductance we recorded in principal neurons was relatively 

short, which could imply the presence of direct, monosynaptic inhibitory input from the 

stimulated neocortical AiP. This hypothesis is in line with the long-range inhibitory projections 
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from neocortical areas towards the PER and EC described by Pinto et al. (2006). To address 

the monosynaptic inhibition hypothesis, we bath applied ACSF containing 20 µM CNQX and 

10 µM APV to block the AMPA and NMDA receptor mediated excitatory input. Besides mono 

and polysynaptic excitation, this prevents polysynaptic recruitment of interneurons in the 

local circuitry, only allowing possible monosynaptic, long-range GABAergic projections from 

the AiP to evoke an inhibitory response in principal neurons. After obtaining the AiP evoked 

conductances in control ACSF (Figure 4 a), we obtained the conductances while excitatory 

transmission was blocked (Figure 4 b). This abolished both excitatory and inhibitory 

conductances (Figure 4 b, c, p=0.0018, n = 8, Friedman test), suggesting the absence of a 

direct inhibitory connection from the AiP onto deep layer principal neurons in this mouse 

brain slice preparation. This implies that the inhibitory conductance evoked in PER-LEC deep 

layers must originate from local inhibitory neurons. 

 

 

 

Figure 4. Both Gexc and Ginh disappeared after 
blocking the excitatory transmission with CNQX 
and APV. a, b. Example of the Gexc (black trace) 
and Ginh (red trace) in an LEC neuron before (a) 
and after (b) the application of glutamate 
receptor blockers CNQX and APV. The arrowhead 
() indicates the moment the stimulus is applied. 
c. Quantification of the average evoked Gexc 
(black) and Ginh (red) before and after application 
of CNQX and APV (n = 8, * indicates p<0.05). Inset 
shows the distribution of recorded principal 
neurons in the PER () and LEC ().  
Abbreviations: AiP, agranular insular cortex; PER, 
perirhinal cortex; LEC, lateral entorhinal cortex; R, 
rostral; C, caudal; L, lateral; M, medial; Gexc, 
excitatory conductance; Ginh, inhibitory 
conductance. CNQX, 6-cyano-7-nitroquinoxaline-
2,3-dione; APV, 2-amino-5-phosphonopentanoic 
acid. 
 

https://paperpile.com/c/KZ0ulX/Qfway
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PV interneurons are strongly recruited by synaptic input 

AiP synaptic input to principal neurons in the PER-LEC network evoked a large inhibitory 

and a smaller excitatory synaptic conductance (Figure 3). PV expressing fast spiking 

interneurons are, amongst other interneuron types, present in the local PER and LEC network 

(Wouterlood et al., 1995; Barinka et al., 2012) and make synaptic contacts onto the 

axosomatic region of principal neurons (Markram et al., 2004; Klausberger and Somogyi, 

2008; Kubota et al., 2016). PV interneurons are capable of high frequency firing upon 

depolarization (Figure 1 d), and can therefore exhibit strong inhibitory action onto principal 

neurons (Pfeffer et al., 2013). This led to the hypothesis that PV interneurons could well be 

strongly recruited by the AiP input, to account for the large, locally activated, inhibitory 

conductance (Figure 3, Figure 4). To address this hypothesis, the synaptic input (Figure 5 a - 

d) and action potential firing (Figure 5 e - h) in response to neocortical AiP stimulation was 

examined in horizontal slices of transgenic mice conditionally expressing YFP in PV 

interneurons (Supplementary figure 1d). PV interneurons were recorded along the rostro-

caudal axis of the PER and LEC deep layer network (Figure 5 a, left) and were characterized 

by a small membrane time constant, a lack of a hyperpolarization induced voltage sag, a short 

onset latency to the first induced action potential, and a smaller AP amplitude than principal 

neurons (Figure 1 d-e, Table 1). 

AiP stimulation evoked complex synaptic responses in 53/56 the PV interneurons (95%). 

Assuming a synaptic delay of 0.5 ms, the latency increased with distance from the stimulus 

electrode (slope = 0.192 mm/ms; Figure 5 a right, b) and the peak amplitude of the response 

decreased with distance along the rostro-caudal extent of the PER and LEC (slope = -0.0002 

mm/pA, R2 = 0.32, F(1,51) = 24.01, p<0.0001; Figure 5 a right, c). Long latencies were 

accompanied with a small peak amplitude (Figure 5 d), at larger peak amplitudes, the latency 

did not show large values. 

We next examined whether the PV interneurons fired action potentials in response to AiP 

stimulation (Figure 5 e-h). We recorded 51 PV interneurons in current clamp to determine 

the postsynaptic potentials and evoked firing in response to AiP stimulation in three 

consecutive repeats. We found that in total 31/51 deep layer PV interneurons recorded over 

the whole extent of the PER and LEC (Figure 5 a, e, f), fired action potentials in response to 

AiP stimuli with a success rate for the AiP evoked synaptic input of 0.90 ± 0.04 in firing PV 

https://paperpile.com/c/KZ0ulX/9ccSH+iZl5g
https://paperpile.com/c/KZ0ulX/pzthJ+7U42i+TL0XM
https://paperpile.com/c/KZ0ulX/pzthJ+7U42i+TL0XM
https://paperpile.com/c/KZ0ulX/ehCI5
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interneurons. Assuming a constant synaptic delay of 0.5 ms, the latency of the first evoked 

spike increased with distance from the stimulus electrode (Figure 5 h, slope = 0.158 mm/ms), 

with a velocity which was in the range of axonal conduction velocity (Telfeian and Connors, 

2003; Willems et al., 2016). This conduction velocity was slightly lower than the velocity 

Figure 5. Recruitment of principal neurons and PV interneurons by AiP stimulation. a. Left: Schematic overview 
of the distribution of recorded PV interneurons along the rostro-caudal extent of the PER () and LEC (). 
Right: Five example traces of NC stimulus evoked synaptic input in deep layer PV interneurons, top to bottom 
traces represent recordings at increasing distances from the stimulus electrode. b-c. Distance – onset latency 
(b) and distance – peak amplitude (c) relationship of PV synaptic evoked responses. d. Relationship between 
the onset latency and peak amplitude of the evoked postsynaptic responses. e. The portion of principal 
neurons (black) and PV interneurons (red) of the recorded population which responded to the stimulus with 
action potential firing. f. Relationship between the stimulus-evoked firing frequency in PV interneurons and 
the distance from the recorded neuron to the stimulus electrode. g. The stimulus evoked action potential firing 
of PV interneurons. h. The spike raster plot showing the evoked firing of principal neurons (black dots, indicated 
with the arrowhead) and PV interneurons (red dots). The neurons are sorted on the y-axis from closest to 
farthest from the stimulus electrode.  
Abbreviations: AiP, agranular insular cortex; PER, perirhinal cortex; LEC, lateral entorhinal cortex; R, rostral; C, 
caudal; L, lateral; M, medial; PrN, principal neuron; PV, parvalbumin interneuron. 
 

https://paperpile.com/c/KZ0ulX/C1on+FN3y8
https://paperpile.com/c/KZ0ulX/C1on+FN3y8
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calculated based on the response latency, likely because of the combination of mono – and 

polysynaptic origin of the responses, leading to more variable spike timing. 

The standard deviation of the latency of the first evoked spike in all three consecutive 

repetitions in response to AiP stimulation was used as an indicator for the spike jitter and was 

1.0 ± 0.6 ms, suggesting a very reproducible recruitment of PV interneurons directly after 

synaptic input is received. Although the peak of the evoked response decreased with distance 

along the PER-LEC rostro-caudal axis, the average frequency of the evoked firing in PV 

interneurons was not related to distance (regression analysis n.s.; Figure 5 f). A subset of PV 

interneurons (4/31) persistently continued firing after the stimulus (Figure 5 g, h) indicating 

that PV interneurons are strongly recruited in the PER and LEC network and can therefore 

exhibit strong inhibitory control onto deep layer principal neuron activity. 

 

Connectivity between local PV interneurons and principal neurons 

Since local PV interneurons strongly respond to AiP synaptic input (Figure 5), we 

hypothesized that these PV interneurons project onto principal neurons locally in the PER-

LEC deep layer network. To address the connectivity of deep layer PV interneurons and 

principal neurons in the PER and LEC deep layers, we performed 29 paired recordings of 

principal neurons and PV interneurons. After successfully obtaining whole-cell configuration 

in both neurons within a 200 µm inter-neuron-distance, random frozen noise was injected in 

the principal neuron or PV interneuron to evoke reproducible, randomly distributed action 

potential firing at an average frequency of 1-2 Hz (Figure 6 a, b). Principal neuron-PV pairs 

were considered connected when the onset of the unitary postsynaptic currents (uEPSC or 

uIPSC) following the evoked spikes clustered within 4 ms after the spikes (Figure 6 a’’, b’’) and 

the probability of spike transmission was at least 0.6 (Csicsvari et al., 1998; Miles, 1990). 

First, principal neuron firing was induced and the PV interneuron was clamped at -70 mV 

to simultaneously record uEPSCs in response to a principal neuron action potential (Figure 6 

a, a’). In 11/29 recordings (38%), the principal neuron projected onto the simultaneously 

recorded PV interneuron (Figure 6 a - a’’). The latency of the uEPSC in the PV neuron was 2.5 

± 0.2 ms after the peak of the principal neuron action potential (Figure 6 c, n = 312 action 

potentials from 11 principal neurons). The uEPSC rise time in PV interneurons was 0.61 ± 0.15 

https://paperpile.com/c/KZ0ulX/b3EX9+GOcTP
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ms (Figure 6 d). The probability of the principal neuron spike evoking a uEPSC was 0.83 ± 0.04 

in the 11 connected principal neuron to PV interneuron pairs (Figure 6 e). 

Figure 6. Connectivity between principal neurons and PV interneurons in the deep layers of the PER-LEC network. 
a-a’’. Typical example of a principal neuron to PV interneuron monosynaptic projection. a. Left: Schematic 
overview of the stimulated principal neuron (black) and recorded PV interneuron (gray). Top trace (black) 
shows the evoked firing in response to current injection in the principal neuron (dashed line indicates 0 mV) 
and the bottom trace (gray) shows the recorded excitatory currents at -70 mV holding potential, both 
spontaneous (example indicated with #) and spike evoked (example indicated with ). a’. Magnification of 
the evoked action potential in the principal neuron (top, black trace) and the corresponding spike evoked 
unitary EPSC (uEPSC, bottom, gray trace), indicated with a  in a’, in the PV interneuron. a’’. The uEPSC latency 
was consistent in the PV interneuron after a spike in the principal neuron and a narrow distribution of uEPSC 
latencies was found after principal neuron firing. b-b’’. Typical example of a PV interneuron to principal neuron 
connection. b. Left: Schematic overview of the stimulated PV interneuron (gray) and the principal neuron 
(black) recorded at a -50 mV holding potential. Top trace (gray) shows the action potential firing evoked in the 
PV interneuron (dashed line indicates 0 mV), bottom traces (black) represents the recording in the principal 
neuron. Inhibitory currents are outward and excitatory currents are inward at this holding potential. b’. 
Magnification of the PV interneuron action potential (top) and the corresponding outward inhibitory current 
(bottom) in the principal neuron of the spike evoked current indicated with a  in b. b’’. The uIPSC latency 
was consistent after a spike in the PV interneuron and a narrow distribution of uIPSC latencies was found after 
PV interneuron firing. c. Frequency distribution of the latencies (bin = 0.2 ms) of the uEPSCs (gray) and uIPSCs 
(black) pooled for all evoked action potentials (n = 312 uEPSCs from 11 pairs and n = 99 uIPSCs from 4 pairs). 
d. Frequency distribution of the rise time (bin = 0.2 ms) of uEPSCs (gray) and uIPSCs (black). e. The success 
probability of a spike evoking a uEPSC (gray) and uIPSC (black) in the connected pairs, showing a larger success 
rate for PV interneuron spikes evoking a uIPSC than principal neurons evoking a uEPSC (* indicates p<0.05).  
Abbreviations: IPSC, inhibitory post-synaptic current; EPSC, excitatory post-synaptic current. 
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Second, the projection from a PV interneuron onto a principal neuron was tested by 

recording PV interneuron firing-induced uIPSCs in the principal neuron, clamped at -50 mV 

to reveal the outward inhibitory currents (Figure 6 b, b’). In 14% of the pairs (4/29), a PV to 

principal neuron projection was detected. The latency of the uIPSCs was 1.33 ± 0.05 ms after 

peak time of the PV spike (Figure 6 b’’- c, n = 99 action potentials from 4 PV interneurons). 

The uIPSC rise time in principal neurons was 2.68 ± 0.15 ms (Figure 6 d). The probability that 

a PV spike evoked a uIPSC was high, 0.98 ± 0.025 (Figure 6 e, n = 4 pairs). Although the 

latencies of both uEPSCs and uIPSCs showed a comparable distribution (Figure 6 c), the 

distribution of the rise time of uEPSCs was skewed compared to the distribution of the rise 

time of uIPSCs (Figure 6 d), indicating that uEPSCs had faster kinetics than uIPSCs. 

Only a subset (45%) of the recorded pairs was connected, 52% of the recorded pairs were 

not connected in this study and 2/29 recorded pairs (7%) were reciprocally connected. 

 

Relation between synaptically evoked PV firing and inhibitory conductance in principal neurons 

We next examined if PV interneurons could induce the fast, large inhibitory conductance 

observed in principal neurons in the local deep layer PER and LEC network. The temporal 

dynamics of PV interneuron recruitment should be fast enough to explain the fast inhibitory 

conductance which we recorded in the principal neurons (Figure 3). To compare the 

recruitment of the PV and principal neurons in response to AiP stimulation, we 

simultaneously recorded evoked synaptic currents in principal neurons and PV interneurons 

(n = 18 pairs, Figure 7 a). The latency of the evoked synaptic responses in the PV interneurons 

(8.5 ± 0.9 ms) was shorter than in principal neurons (10.7 ± 1.3 ms; t(17) = 2.5, p = 0.02; 

Figure 7 b, c). The peak amplitude of the evoked synaptic response in PV interneurons (714 

± 165 pA) was larger than the evoked synaptic response in principal neurons (343 ± 104 pA; 

t(17) = 3.1, p = 0.007; Figure 7 b, d). These results suggest, together with the absence of firing 

in principal neurons (Figure 2, Figure 6), that AiP stimulation recruits the inhibitory network 

predominantly in a feedforward manner. Furthermore, the conduction velocity of the 

synaptic input in both principal neurons and PV interneurons was comparable, suggesting 

that both types receive input from the same axon fibers. 
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Finally, we examined the relation between PV firing and the evoked inhibitory 

conductance in principal neurons in simultaneously recorded PV-principle neuron pairs. We 

compared the peak latency of the first PV spike to the Ginh onset latency in the simultaneously 

recorded principal neuron in response to an AiP stimulus (Figure 7 e). We found that the 

latency of the Ginh and the latency of the first evoked PV spike were not different (Figure 7 f; 

Figure 7. Input and output of PV interneurons and principal neurons recorded simultaneously along the PER-
LEC axis. a. Left: Schematic representation of the stimulation and recording configuration with the excitatory 
input from the AiP superficial layers in black, the deep layer principal neuron in black and the PV neuron in red. 
Right: schematic representation of the distribution of PER () and LEC () recorded pairs. Markers of coupled 
pairs are filled green, uncoupled pairs are shown with a white (PER) or black (LEC) fill. b. Typical example of the 
evoked postsynaptic currents recorded in a principal neuron (black) - PV interneuron pair (red), both clamped 
at -70 mV. c-d. Onset latency (c) and peak amplitude (d) of stimulus evoked responses in principal neuron 
(black) - PV interneuron (red) pairs (n = 18 pairs), connecting lines indicate the simultaneously recorded 
principal and PV neuron (** indicates p<0.01). e. 2 typical examples of simultaneously recorded stimulus 
evoked Ginh in the principal neuron (black trace) and action potential firing in the PV interneuron (red trace). 
The arrowhead () represents the moment of stimulus application. f. Comparison of the onset latency of 
stimulus evoked Ginh in the principal neuron (black) and the latency of the first PV spike (red) recorded 
simultaneously. g. The relationship between the average number of PV spikes evoked after stimulus 
application and the peak amplitude of the simultaneously recorded Ginh in the principal neuron. 
Abbreviations: AiP, agranular insular cortex; PER, perirhinal cortex; LEC, lateral entorhinal cortex; R, rostral; C, 
caudal; L, lateral; M, medial; PV, parvalbumin positive interneuron; PrN, principal neuron; Ginh, inhibitory 
conductance. 
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Wilcoxon signed rank test n.s., n = 9 pairs). Additionally, the number of emitted spikes in the 

PV neuron strongly correlated with the peak Ginh in the simultaneously recorded principal 

neuron (Figure 7 g; R2 = 0.84, p<0.0001, n = 14 pairs), indicating that the number of spikes in 

the PV interneuron predicts the amount of inhibition in the simultaneously recorded principal 

neuron. 

To get an indication of the necessary inhibitory input onto principal neurons in response 

to AiP stimulation, we estimated which inhibitory spike pattern was needed to reconstruct 

the recorded Ginh in principal neurons. The mean time locked uIPSC in the principal neuron 

that was linked to a single action potential from the PV interneuron (Figure 6, Figure 8 a), 

allowed us to determine the conductance change of such single response, using the uIPSC 

and the driving force to calculate the unitary Ginh (uGinh). Subsequently, all recorded uGinh 

traces (n = 101 uGinh from 4 connected PV-principal neuron pairs recorded in 4 mice) were 

averaged to obtain one standardized uGinh (Figure 8 a). Using this standard PV interneuron 

firing-induced uGinh, we could reconstruct the hypothetical pattern of inhibitory input 

received by a principal cell based on the firing patterns we recorded from the PV neurons 

(Figure 5). As shown above, 31 out of 51 PV interneurons emitted action potentials in 

response to AiP stimulation (Figure 5 e) and stimulation was repeated three times. Most, but 

not all, PV interneurons responded three out of three consecutive recorded repeats (Figure 

5 h), which resulted in 83 AiP-evoked PV spike patterns. Figure 8 b (top traces) shows 

examples of six typical PV spike patterns. We assumed that the 83 recorded spike patterns 

describe a representative set of PV interneurons, which characteristically responded to the 

synaptic input. 

Next, the predicted Ginh evoked by these 83 spike patterns were calculated using the 

standard uGinh (examples are shown in Figure 8 b, bottom traces). The 83 predicted Ginh traces 

were used to perform a nonnegative linear regression fit (Matlab) to find the weight of every 

PV interneuron spike pattern to reconstruct the recorded Ginh in a principal neuron. A 

constraint was that the weight of the predicted Ginh of every PV interneuron included, had to 

be at least 1. Figure 8 c shows a typical example of a recorded (black trace) Ginh in a principal 

neuron and the accompanying predicted Ginh (red trace). In this typical example, 41 PV 

interneuron spike patterns, all with weights between 1 and 5, were required to reconstruct 

the recorded Ginh in this principal neuron. The number of PV interneuron spike patterns and 
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their weights were used to reconstruct the inhibitory spike pattern the principal neurons 

would have received, by multiplying the 41 included PV spike patterns by their weights and 

in that way creating the predicted spike raster plot of the total inhibitory spike pattern (Figure 

8 d). We were able to fit the recorded Ginh of 49 principal neurons. Figure 8 e shows which 

Figure 8. Prediction of inhibitory input received by principal neurons. a. Recording of a principal neuron – PV 
interneuron pair (left shows schematic overview). Action potential in the PV interneuron (top, red trace) 
evoked a uIPSC in the principal neuron (middle, black trace, average of 101 uIPSCs, n = 4 animals) at -50 mV 
holding potential. The bottom trace shows the average calculated unitary Ginh the PV spikes evoked in a 
principal neuron (average of 101 uGinh, n = 4 animals, shaded errorbar shows the SEM). b. Top: example traces 
of AiP stimulation evoked spikes in six PV interneurons. Bottom: reconstructed inhibitory conductance that 
each PV spike pattern would have evoked in the postsynaptic principal neurons. c. Typical example of the 
evoked Ginh in a principal neuron (black trace). The evoked Ginh was fit with the inhibitory conductance pattern 
of PV interneurons (red trace). The arrowhead () represents the moment of stimulus application. d. The 
weight of every spike pattern was used to assemble the reconstructed raster plot of inhibitory spikes the 
principal neuron shown in c received in time, randomly ordered. e. Distribution of which spike patterns of 
interneurons were necessary for reconstruction of the Ginh in every principal neuron. f. Post-stimulus-time-
histogram of the normalized spike distribution in 44 principal neurons of which the Ginh was reconstructed. 
The spike distribution of the principal neurons was averaged and then normalized to the bin with the maximum 
spike count. Arrow indicates the onset latency of the response in the principal neuron. 
Abbreviations: AiP, agranular insular cortex; uIPSC, unitary inhibitory postsynaptic current; Ginh, inhibitory 
conductance. 
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PV spike patterns were included for each principal neuron Ginh reconstruction. With the 

population of 83 PV spike patterns we had enough variation in inhibitory spike patterns to 

reconstruct the recorded Ginh in all 49 principal neurons. 

To address when the majority of inhibitory spikes have to occur to evoke the recorded 

Ginh, we reconstructed peristimulus time histogram (PSTH). The PTSH was normalized to the 

onset latency of the recorded Ginh, binned, averaged over the PSTH of the 44 principal 

neurons of which the inhibitory spike pattern was reconstructed and normalized to the bin 

with the maximum spike count (Figure 8 f). The inhibitory activity was most prominent in the 

first 20 ms of the inhibitory input, but continues during the time course of 100 ms with fewer 

spikes, probably to create long lasting suppression of activity within the PER-LEC network. 

We predicted that principal neurons received 4 – 733 inhibitory spikes in response to AiP 

stimulation, based on the 49 reconstructed spike patterns. In conclusion, with our set of 

recorded PV interneurons, with differential stimulus evoked spike patterns, we could explain 

the Ginh recorded in all 49 principal neurons. 

 

Discussion 

Information from the neocortex travelling towards the hippocampus for memory 

consolidation is relayed by the PER-LEC network (Buzsáki, 1996; Pennartz et al., 2002), where 

transmission is most likely regulated by inhibition (de Curtis and Paré, 2004). This study 

addressed the recruitment of the inhibitory and excitatory neuronal local circuitry in the 

deep layers of the PER and LEC network of the mouse. Stimulation of the superficial layers of 

the AiP, a neocortical afferent of the PER and LEC, revealed that the PV interneurons are 

involved in eliciting strong inhibition of principal neurons in the deep layer network. 

 

Three PER-LEC principal neuron types and their evoked synaptic input 

We recorded principal neurons in the deep layers of the PER-LEC network because the 

LEC deep layers are considered to play a significant role in gating activity transmission, likely 

regulated by the inhibitory circuitry (Koganezawa et al., 2008; Willems et al., 2016). 

Examination of the intrinsic properties like the hyperpolarization-induced sag and firing 

properties of these deep layer principal neurons revealed three subtypes, i.e. RS, LS and BF 

https://paperpile.com/c/KZ0ulX/ei4YV+fSXw
https://paperpile.com/c/KZ0ulX/wAhev
https://paperpile.com/c/KZ0ulX/FN3y8+W3lUm
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neurons in mouse brain slices, which are comparable with the assumed excitatory, glutamate 

containing neurons in rats (Somogyi et al., 1998; Faulkner and Brown, 1999; Moyer et al., 

2002) and guinea pigs (Martina et al., 2001). 

Superficial AiP stimulation evoked synaptic responses in both PER and LEC deep layer 

principal neurons. The three subclasses responded similarly to AiP stimulation, as the latency 

and peak amplitude did not differ and all types refrained from action potential firing. This 

phenomenon might depend on the stimulated afferent, as seen in the piriform cortex, where 

BF and RS neurons respond similarly to layer Ib, but differentially to lateral olfactory tract 

input (Suzuki and Bekkers, 2006). Our data suggest that synaptic input from the AiP to PER-

LEC deep layer neurons is not principal neuron subtype specific. It is however still possible 

that these neuronal subtypes react differently to the same synaptic input when the 

membrane potential is around firing threshold, as a result of their different intrinsic 

properties. Since the evoked EPSP almost never induced action potential firing in these 

experiments, the three subtypes of principal neurons were pooled. 

The latency of the synaptic input in principal neurons gradually increased with the 

distance from the stimulation electrode, comparable with findings of Biella et al. (2001) and 

Unal et al. (2012). The synaptic input is shown to be both mono and polysynaptic in deep 

layer PER and LEC neurons (Deacon et al., 1983; Burwell and Amaral, 1998a; de Villers-Sidani 

et al., 2004; Unal et al., 2013). A combination of conduction velocity, distance and 

polysynaptically transmitted activity can explain the increasing latency of synaptic responses 

in neurons situated more caudal in the PER-LEC network. The polysynaptic response in the 

LEC could originate from PER neurons projecting to the apical dendrites of LEC deep layer 

neurons (Burwell and Amaral, 1998b; Biella et al., 2002; de Villers-Sidani et al., 2004). Both 

the peak EPSC and EPSP in principal neurons were not related to distance along the rostro-

caudal axis, suggesting no difference between PER and LEC excitation. This finding is in line 

with Mathiasen et al. (2015) who did a tracing study showing that the neocortical AiP is a 

presynaptic target of both deep layer PER and deep layer LEC neurons in the rat. 

 

Output of principal neurons and PV interneurons 

Although 89% of the recorded principal neurons received synaptic input, only 6% (3 out 

of 51) of them spiked, while 61% (31 out of 51) of the PV neurons fired after AiP stimulation 

https://paperpile.com/c/KZ0ulX/uIIN0+I08xk+8vhRk
https://paperpile.com/c/KZ0ulX/uIIN0+I08xk+8vhRk
https://paperpile.com/c/KZ0ulX/BoMwB
https://paperpile.com/c/KZ0ulX/jo41n
https://paperpile.com/c/KZ0ulX/IeoH8
https://paperpile.com/c/KZ0ulX/Hbt0
https://paperpile.com/c/KZ0ulX/q6VG5+oNtIP+9d8oE+DBqSS
https://paperpile.com/c/KZ0ulX/q6VG5+oNtIP+9d8oE+DBqSS
https://paperpile.com/c/KZ0ulX/pBnMQ+9d8oE+onD5I
https://paperpile.com/c/KZ0ulX/SXS0u
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in this horizontal mouse brain preparation. Pelletier et al. (2004) found percentages of firing 

neurons in the deep layers of the PER (40%) and the EC (1.4%) in vivo. These results together 

suggest that superficial layer AiP can evoke synaptic activity in deep layer PER and LEC 

principal neurons, but this activity is not transmitted from the LEC to the postsynaptic targets 

(Biella et al., 2002). However, since the brain consists of approximately 80% excitatory 

neurons and 20% inhibitory neurons (Markram et al., 2004), this small percentage of firing 

principal neurons might be effective. If we take an example population of 1000 neurons, 

there will be 800 principal neurons and 200 interneurons. We found 6% firing principal 

neurons, resulting in 48 (800*0.06) firing principal neurons, and 61% firing PV interneurons, 

leading to 122 PV interneurons firing action potentials in response to an input in our example 

population. This finding supports the sparse coding strategy, which assumes that only a small 

portion of the cortical principal neurons fire in a certain event, responsible for information 

transfer in the EC-hippocampal circuitry (Mizuseki and Buzsáki, 2013) and this balance might 

be critical to maintain a self-organized and controlled activity in large scale networks. 

Furthermore, computer models showed that a small portion of firing excitatory neurons with 

strong synaptic weights can be sufficient to have ongoing network activity (Ikegaya et al., 

2013). 

 

AiP recruits feedforward inhibition 

The low firing probability of principal neurons in response to synaptic input could be due 

to a marginal excitatory input or a massive inhibition. We found that AiP stimulation evoked 

a larger inhibitory than excitatory conductance in the PER-LEC deep layer principal neurons, 

suggesting more GABAA than glutamate receptor activation at principal neuron post-

synapses. This phenomenon is not necessarily surprising since a larger inhibitory synaptic 

conductance than excitatory conductance can lead to balanced inhibitory and excitatory 

synaptic currents, due to a smaller driving force for inhibition than for excitation (Puzerey 

and Galán, 2014). However, the short latency difference between the excitatory and 

inhibitory conductance and especially the larger, longer lasting inhibitory conductance could 

prevent firing of deep layer principal neurons once they are depolarized. 

It has been previously shown that stimulation of the temporal neocortex in brain slices of 

guinea pigs evoked a pure excitatory response when the recording electrode was more than 

https://paperpile.com/c/KZ0ulX/3tVsa
https://paperpile.com/c/KZ0ulX/onD5I
https://paperpile.com/c/KZ0ulX/TL0XM
https://paperpile.com/c/KZ0ulX/qpo12
https://paperpile.com/c/KZ0ulX/rp4vz
https://paperpile.com/c/KZ0ulX/rp4vz
https://paperpile.com/c/KZ0ulX/T8tOL
https://paperpile.com/c/KZ0ulX/T8tOL
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1 mm away from the stimulus electrode, while more closely situated neurons showed a 

sequence of excitatory and inhibitory potentials (Martina et al., 2001). In contrast, in this 

study we find both excitatory and inhibitory evoked components recruited in the same 

fashion along the rostro-caudal extent of the PER and LEC network. This indicates that the 

AiP projections in mouse horizontal brain slices evoke both excitation and inhibition in the 

whole PER-LEC network. 

A broad range of interneurons are defined, based on several characteristics like 

morphology, physiological and connectional properties.  Good candidates for delivering 

strong inhibition on principal neurons are the PV expressing interneurons. These 

interneurons target the axo-somatic region of neurons and therefore evoke large inhibitory 

currents in the post-synaptic neuron upon firing (Pfeffer et al., 2013; Jiang et al., 2015). The 

PV neurons received a larger evoked synaptic current than principal neurons, which can be 

due to the presence of larger or more glutamatergic terminals on interneuron dendrites, 

resulting in more effective activity transmission in interneurons (for review see Buzsáki et al., 

2007). This fits neatly with the discovered PV firing patterns, often showing multiple action 

potentials, at a high frequency, in response to AiP stimulation. Although the role of different 

interneuron subtypes in evoking the large Ginh in principal neurons is not yet clear, we 

showed a complete reconstruction of the recorded Ginh in principal neurons solely based on 

the firing patterns of PV interneurons. This indicates that variation of responses in PV 

interneurons possibly is enough to explain the inhibitory input in principal neurons. Future 

studies may reveal the role of other interneuron types in this large Ginh in the PER-LEC deep 

layer principal neurons. 

Moreover, the synaptic input from the AiP is first received by PV and then by principal 

neurons in the PER and LEC deep layers when simultaneously recorded and the principal did 

not fire in response to AiP stimulation. Based on the comparable conduction velocities 

derived from the evoked EPSCs in principal neurons and PV interneurons we surmise that the 

same fibers innervate both neuron types. We therefore propose that deep layer PV 

interneurons are recruited in a feedforward manner by the AiP synaptic input and 

substantially contribute to strong principal neuron inhibition in the PER and LEC network. 

This is supported by anatomical data showing a high incidence of excitatory projections from 

the PER to GABAergic neurons in the EC (Pinto et al., 2006). However, since bidirectional 

https://paperpile.com/c/KZ0ulX/BoMwB
https://paperpile.com/c/KZ0ulX/ehCI5+NuOGx
https://paperpile.com/c/KZ0ulX/c3YQK
https://paperpile.com/c/KZ0ulX/c3YQK
https://paperpile.com/c/KZ0ulX/Qfway
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connections between PV and principal neurons are found, it is still likely that PV neurons can 

also provide feedback inhibition if local principal neuron would fire. 

 

Functional relevance of feedforward inhibition in the PER-LEC network 

The recruitment of feedforward inhibition preventing deep layer principal neurons from 

firing can have two plausible functions: First, inhibition of activity in the deep layers in 

response to superficial neocortical input is in line with the general hypothesis that 

information travelling towards the hippocampus is mainly transmitted via the superficial 

layers of the PER-EC network (Ruth et al., 1988; Witter, 1993) and that the deep layers return 

the information from the hippocampus to the neocortical areas (Buzsáki, 1996; Canto et al., 

2008). We therefore hypothesize that this strong inhibitory response in the deep layers 

blocks the output pathway of the hippocampus, while possibly facilitating the input pathway 

via the superficial layers. This hypothesis is supported by data showing that PER superficial 

layer stimulation results in a significant monosynaptic activation of LEC superficial dendrites 

(de Villers-Sidani et al., 2004). Besides, a current source is found in layer V of the LEC in vivo, 

which could either be the result of apical dendrite activation of layer V principal neurons or 

deep layer inhibition (de Villers-Sidani et al., 2004). A similar concept of blocking activity 

propagation was found for regulation of the output from the hippocampus towards the EC 

(Gnatkovsky and de Curtis, 2006). They showed that the hippocampal output transfers 

through the EC deep layers, while the superficial MEC neurons were simultaneously 

inhibited, leaving only MEC deep layer neurons excitable by synaptic input arriving from the 

hippocampus. 

Second, PV interneuron activity can be controlled by inputs from regulatory regions. By 

inhibiting the interneuron mediated inhibition, a window of opportunity could be created to 

transmit activity through the PER and EC. For example cholinergic inputs from the basal 

forebrain regulate inhibitory activity in the EC as well as in the auditory cortex (Apergis-

Schoute et al., 2007; Kuchibhotla et al., 2016) and hippocampal long range inhibitory 

projections to the EC specifically target interneurons (Melzer et al., 2012). Such mechanism 

would be useful to release the EC from a strong intrinsic inhibitory control, to regulate 

information transmission to the hippocampus. 

https://paperpile.com/c/KZ0ulX/hRACG+Gtnxf
https://paperpile.com/c/KZ0ulX/KXakw+ei4YV
https://paperpile.com/c/KZ0ulX/KXakw+ei4YV
https://paperpile.com/c/KZ0ulX/9d8oE
https://paperpile.com/c/KZ0ulX/9d8oE
https://paperpile.com/c/KZ0ulX/We47m
https://paperpile.com/c/KZ0ulX/pfq76+ViTrK
https://paperpile.com/c/KZ0ulX/pfq76+ViTrK
https://paperpile.com/c/KZ0ulX/JHGGd
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Altogether, our study shows a strong recruitment of PV interneuron mediated inhibition 

in the deep layers of the PER and LEC network by the neocortical AiP. This inhibition is likely 

to play a key role in regulating selective transmission of information travelling to and coming 

from the hippocampus. 
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Supplementary figure 3.1. Morphology of 3 types of principal neurons and PV positive 
interneurons in the PER-LEC deep layer network. a-c. Confocal images of biocytin filled 
regular spiking (a), late spiking (b) and burst firing (c, arrowhead) principal neurons 
and PV positive interneurons (c, red asterisk). Scale bar 100 µm. d. 
Immunohistochemical staining of PV (red, top), eYPF (green, middle) and the merge 
(bottom) showing complete overlap of PV and eYFP, scale bar 50 µm.  
Abbreviations: PV, parvalbumin; eYFP, enhanced yellow fluorescent protein. 
 



 

Chapter 3 

85 

  



 

 

 

86 

 

  

  



 

Chapter 4 

87 

 

 

 

 
 
 

 
Janske G.P. Willems, Wytse J. Wadman, Natalie L. M. Cappaert 

 
 

 

In review 

 

 

     4 



 

 

 

88 

 

   



 

Chapter 4 

89 

Abstract 

The perirhinal (PER) – lateral entorhinal (LEC) network plays a pivotal role in cortico-

hippocampal information transfer, since it is the main route for neuronal activity to and from 

the hippocampus. Anatomical studies have shown that the connectivity is organized bi-

directionally: the superficial layers consist of projections running from the cortex via the PER-

LEC network to the hippocampus and the deep layers form the output pathway back to the 

cortex. Although these pathways are characterized anatomically, the functional organization 

of the connections between the cortex, PER-LEC network and the hippocampus remains to 

be revealed. 

We performed paired recordings of superficial and deep layer principal neurons and 

found that a larger population of superficial layer neurons responded with action potential 

firing in response to cortical input, compared to the deep layer population. This suggested 

that indeed the superficial layer network likely carries information downstream from the 

cortex to the hippocampus. The relation between the excitatory and inhibitory input onto 

the deep and superficial principal neurons showed that the window of net excitability was 

larger in superficial principal neurons. To address how this window of opportunity in 

superficial principal neurons was more favorable for spiking, we performed paired recordings 

in superficial layer principal neurons and parvalbumin (PV) expressing interneurons. With 

increasing stimulus intensities, the PV interneuron population initiated inhibition at a very 

consistent timing, whereas the activated excitation temporally shifted to ensure action 

potential firing.  

Altogether, these data indicate that superficial layer neurons are transmitting cortical 

synaptic input through the PER-LEC network because these neurons have a favorable window 

of opportunity for spiking in contrast with the deep layer principal neurons. 

 

 

 

 

Key words: perirhinal cortex, lateral entorhinal cortex, parvalbumin expressing interneurons, 

window of opportunity, mouse  
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Introduction 

The perirhinal (PER) and the lateral entorhinal (LEC) cortex are a crucial part of the 

cortico-hippocampal circuitry, since these cortices function as a gateway between 

(sub)cortical areas and the hippocampus to ensure processing of object information, 

attention and motivation (Burwell, 2000; Burwell & Amaral, 1998a; Burwell & Witter, 2002; 

Cappaert, Van Strien, & Witter, 2014; Fernández & Tendolkar, 2006; Keene et al., 2016; van 

Strien, Cappaert, & Witter, 2009). The projections to the PER and LEC originate, amongst 

others, in the neocortex and in turn the PER and LEC project to the hippocampal formation 

(for review see Cappaert et al., 2014). Anatomical studies have shown that longitudinal 

connections from the cortex, via the PER and LEC towards the hippocampus mainly run 

through the superficial layers (for review see Menno P. Witter, Doan, Jacobsen, Nilssen, & 

Ohara, 2017), whereas the deep layers form a return network of connections (Burwell & 

Amaral, 1998b; Suzuki & Amaral, 1994; Tamamaki & Nojyo, 1993; M. P. Witter, 

Groenewegen, Lopes da Silva, & Lohman, 1989; M. P. Witter, Room, Groenewegen, & 

Lohman, 1986).  

Based on this anatomical connectivity, it is hypothesized that activity travelling towards 

the hippocampus does so via the superficial layers of the PER-LEC (Ruth, Collier, & 

Routtenberg, 1988; Menno P. Witter, 1993) and, after hippocampal processing, is 

transferred back to the cortex by the deep layer network (Buzsáki, 1996; Canto, Wouterlood, 

& Witter, 2008). Synaptic input to the superficial and deep layers should therefore be strictly 

regulated to ensure accurate transmission of neuronal activity (Biella, Uva, & de Curtis, 2002; 

Pelletier, Apergis, & Paré, 2004; Willems, Wadman, & Cappaert, 2016, 2018). Physiological 

data showed that stimulation of the PER superficial layers results in significant activation of 

the LEC superficial layers specifically (de Villers-Sidani, Tahvildari, & Alonso, 2004). 

Additionally, deep layer PER-LEC neurons are strongly inhibited after neocortical stimulation, 

blocking the output pathway of the hippocampus, while the input pathway is activated by 

input evoked action potential firing in the PER superficial layer neurons (Biella et al., 2002; 

Willems et al., 2018). This data suggests that the PER-LEC deep layers are actively inhibited 

to block the output network of the hippocampus, while the superficial layers are facilitated 

when neocortical information has to be transmitted towards the hippocampus. The 
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differences in simultaneously processed synaptic input between the superficial and deep 

layer network still remain to be revealed. 

It is known that an inhibitory synaptic response follows the brief excitatory response in 

both the superficial and deep layer neurons of the PER and LEC after a short pulse neocortical 

stimulus (Biella, Uva, & Curtis, 2001; Willems et al., 2018). The timing of the inhibition and 

excitation - and thus the length of the resulting period of net excitation - could well be the 

discriminating factor between reaching or not reaching action potential threshold, 

determining the success of information propagation through the network. Therefore, the 

current study investigates whether differences in the contribution of excitatory and 

inhibitory input determine varying activation of superficial and deep layer neurons in these 

two distinct populations. 

Previous studies showed that the inhibition in the PER and LEC evoked by cortical input 

originates in the local inhibitory network (Martina, Royer, & Paré, 2001; Willems et al., 2018). 

Potential candidates for this strong, local inhibitory control are parvalbumin expressing (PV) 

interneurons, which can evoke large inhibitory currents because they project onto the axo-

somatic site of principal neurons (Pfeffer, Xue, He, Huang, & Scanziani, 2013). PV 

interneurons are present in both superficial and deep layers of the PER-LEC network (Barinka 

et al., 2012; Cappaert et al., 2014). In the deep layers, PV interneurons are recruited in a 

feedforward manner, evoking a large inhibitory conductance in principal neurons after 

stimulation of the neocortex (Willems et al., 2018). The fast acting inhibition creates only a 

small window of opportunity for action potential generation and prevents the principal 

neurons from firing. This supports the hypothesis that the deep layers are not involved, and 

even actively silenced, when activity is travelling from the neocortex toward the 

hippocampus. It is therefore expected that the superficial PER-LEC neurons are more 

responsive to neocortical stimuli in order to transmit activity from the PER, via the LEC 

towards the hippocampus. 

This study addresses how superficial layer principal neurons are recruited by a stimulation 

of the superficial agranular insular cortex (AiP), a neocortical afferent from the PER-LEC 

network involved in emotional, interoceptive and exteroceptive signal processing (Burwell, 

2000; Mathiasen, Hansen, & Witter, 2015; Nieuwenhuys, 2012) and compares the course of 
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the evoked excitation and inhibition with the deep layer neurons. Moreover, the role of local 

superficial layer PV interneurons in evoking the inhibition in this network is explored. 

 

Methods 

Animals. Experiments were performed on 22 male and female Pvalbtm1(cre)Arbr 

(Hippenmeyer et al., 2005)/ Gt(ROSA)26Sortm1(EYFP)Cos (Srinivas et al., 2001) (PV/YFP) 

transgenic mice. All animals were between the ages of P28 and P42. Animal care and 

experiments were approved by the Animal Care and Use committee of the University of 

Amsterdam and were in accordance with European guidelines. 

Slice preparation. Animals were killed by decapitation and thereafter the brain was 

rapidly removed and stored in ice-cold modified artificial cerebrospinal fluid (mACSF) 

containing (in mM): 120 choline chloride, 3.5 KCl, 5 MgSO4, 1.25 NaH2PO4, 0.5 CaCl2, 25 

NaHCO3, 10 D-glucose (pH 7.4, 300 - 315 mOsmol), oxygenated with 95% O2/5% CO2 for at 

least 30 minutes. Horizontal slices (400 µm thick) containing the neocortical AiP, PER and LEC 

(Figure 1 A, Willems et al., 2016) were cut in ice-cold mACSF using a VT1200S vibratome 

(Leica Biosystems, Nussloch, Germany). Functional projections from the AiP to the PER and 

EC are present in this slice preparation (Mathiasen et al., 2015; von Bohlen und Halbach & 

Albrecht, 2002; Willems et al., 2016). Slices were incubated in ACSF containing (in mM): 120 

NaCl, 3.5 KCl, 1.3 MgSO4, 1.25 NaH2PO4, 2.5 CaCl2, 25 NaHCO3, 10 D-glucose, oxygenated 

with 95% O2/5% CO2 (pH 7.4, 300 - 315 mOsmol) at 32˚C for 15 minutes after sectioning. 

Thereafter slices were kept at room temperature until the recording started. 

Paired whole cell recordings in superficial and deep layer principal neurons. In total 23 

superficial and deep layer principal neuron pairs were recorded in the PER and LEC. The 

localization of the PER and LEC in our slice preparation was based on the mouse brain atlas 

(Paxinos & Franklin, 2001). Patch pipettes were pulled using micropipette puller model P-87 

(Sutter Instrument, Novato, CA) and had a resistance of 3-5 MΩ. Whole-cell recordings were 

performed using an intracellular solution containing (in mM): 131.25 K-gluconate, 8.75 KCl, 

10 HEPES, 0.5 EGTA, 4 MgATP, 0.4 Na2GTP, pH adjusted to 7.4, 295 - 300 mOsmol. During 

the recordings, slices were perfused with ACSF of 30˚C at a rate of 2 mL/min. PER and LEC 

principal neurons were selected based on large soma size using a Scientifica SliceScope Pro 

https://paperpile.com/c/FJgcSr/7sg9U
https://paperpile.com/c/FJgcSr/rurCL
https://paperpile.com/c/FJgcSr/wHDO
https://paperpile.com/c/FJgcSr/Vw5m9+wHDO+jNsA
https://paperpile.com/c/FJgcSr/Vw5m9+wHDO+jNsA
https://paperpile.com/c/FJgcSr/DdyYa
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6000 (Scientifica, Uckfield, UK). First a superficial neuron was patched. After that, we drew 

an imaginary line perpendicular from the patched superficial neuron to the pia and a deep 

neuron on this line was selected to make the second patch. Whole-cell recordings were made 

using an Axopatch 200A and Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), 

filtered at 10 kHz, sampled at 100 kHz and digitized using a NI DAQ usb-6259 (National 

Instruments, Austin, TX). Software for data-acquisition was custom made in MATLAB 

(MathWorks, Natick, MA). All voltage signals were corrected online for a -14 mV junction 

potential. Principal neurons were approached with slight pressure on the pipette and when 

pressure was released the pipet-cell contact had to reach a seal of 1 GΩ before break in. The 

resting membrane potential was recorded in current clamp at a 0 pA holding current 

immediately after break in. Access resistance was compensated for at least 50 – 60% and 

recordings with an access resistance higher than 20 MΩ or with more than 25% change 

during the recording were discarded. 

Paired whole cell recordings of principal neurons and PV interneurons. Transgenic mice 

conditionally expressing YFP driven by the PV promotor dependent cre-recombinase 

expression to identify PV expressing neurons in the PER-LEC network. YFP was excited at  470 

nm using a LED (PE-100,CoolLed Ltd., Andover, UK) and fluorescence was recorded using a 

479 ± 40 nm emission filter (Thorlabs Inc., Newton NJ). Paired whole-cell recordings of one 

PV interneuron and one principal neuron were performed with a maximal inter-soma 

distance of 200 µm. The firing properties of the cells were recorded by injecting a membrane 

current that stepped the membrane voltage from -100 to -30 mV. Connectivity between the 

principal neuron and PV interneuron was tested by evoking action potentials in the principal 

neuron at reproducible random moments using a frozen noise current injection (Zeldenrust, 

Chameau, & Wadman, 2013). PV interneurons clamped at -70 mV, the reversal potential for 

GABAA mediated inhibition, to record the excitatory post-synaptic currents (EPSCs, Figure 5 

A). We strived to induce a firing rate of 1-2 Hz in the principal neuron. The reversed 

configuration was used to establish PV to principal neuron connectivity, holding the principal 

cell at -50 mV in order to record inhibitory post-synaptic currents (IPSCs) (Figure 5 B). At this 

holding potential the inhibitory currents are outward and the excitatory currents are inward 

meaning that the excitatory and inhibitory components can easily be distinguished. Next we 

addressed the stimulus-evoked synaptic current in voltage clamp (-70 mV) and action 

https://paperpile.com/c/FJgcSr/T4Ijo
https://paperpile.com/c/FJgcSr/T4Ijo
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potential firing in current clamp in response to AiP stimulation in the principal neuron and 

PV interneuron pairs. We adjusted the stimulus strength to the neuron receiving the smallest 

input because we recorded the synaptic input by 1 stimulus in two separate neurons. We 

determined the stimulus strength evoking the maximal amplitude response in the neuron 

with the smallest response and set this strength as a 100% stimulus intensity. Subsequently, 

evoked synaptic currents were recorded at five holding potentials (-90 to -50 mV) in the 

principal neuron and PV firing was recorded in current clamp at the same time to compare 

the estimated evoked inhibitory conductance in the principal neuron to the spiking of PV 

neurons. 

Electrical stimulation. For electrical stimulation, a bipolar tungsten stimulus electrode 

(World Precision Instruments, Sarasota, FL) with a tip separation of 125 µm was placed under 

visual guidance in the superficial layers of the AiP. A single bi-phasic square pulse (160 

µs/phase) was applied using a DS4 bi-phasic current stimulator (Digitimer Ltd, Hertfordshire, 

UK). Stimuli were applied three consecutive times to acquire an average response in the 

recorded neurons. 

Data analysis. Response detection was performed using MATLAB. The response was 

detected when the signal exceeded 8 times the baseline standard deviation within 75 ms 

after the stimulus was applied. The latency was determined as the time between the point 

where the stimulus was applied and the point where the response was detected. If a 

response was detected also the peak amplitude of the response was determined. The peak 

of the response was characterized as the maximum amplitude after the onset latency. The 

peak and peak time of the action potentials were determined using MATLAB (peakdet 

function; Borges, 2015) to address the presence and rate of action potential firing. 

Decomposition of stimulus evoked synaptic currents in principal neurons. Decomposition 

of evoked responses was similar to the method described in Willems et al. (2018). The evoked 

synaptic response in a neuron contains components that originate from excitatory and 

inhibitory synapses. As pharmacologically blocking these components will affect the whole 

network, we linearly decomposed the current of principal neurons into two underlying 

components based on their different reversal potential. The post-synaptic cell was clamped 

at potentials between -90 mV and -50 mV, while evoking the same, voltage-independent, 

synaptic conductance. After subtraction of the stimulus independent background current, 

https://paperpile.com/c/FJgcSr/zUmR
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this results in a membrane current that contains the excitatory synaptic current and the 

inhibitory synaptic current: 

𝐼𝑚(𝑡) = 𝐼𝑒𝑥𝑐(𝑡) + 𝐼𝑖𝑛ℎ(𝑡) 

These currents are the result of the excitatory and the inhibitory synaptic conductances 

(Gexc(t) and Ginh(t)) and their respective driving forces: the differences between membrane 

voltage Vm and the reversal potentials (Eexc and Einh): 

𝐼𝑚(𝑡) =  𝐺𝑒𝑥𝑐(𝑡) ∗ (𝑉𝑚(𝑡) − 𝐸𝑒𝑥𝑐) + 𝐺𝑖𝑛ℎ(𝑡) ∗ (𝑉𝑚(𝑡) − 𝐸𝑖𝑛ℎ) 

The instantaneous relation between membrane current and membrane voltage at each 

moment in time, can be characterized as: 

𝐼𝑚 = (𝐺𝑒𝑥𝑐 + 𝐺𝑖𝑛ℎ) ∗ 𝑉𝑚 − (𝐺𝑒𝑥𝑐 ∗ 𝐸𝑒𝑥𝑐 + 𝐺𝑖𝑛ℎ ∗ 𝐸𝑖𝑛ℎ) 

The last equation is the linear I/V relation Im = a * Vm + b, which can be calculated at each 

moment in time and from which the time varying conductances can now be constructed: 

   𝐺𝑖𝑛ℎ(𝑡) = (𝑏(𝑡) + 𝑎(𝑡) ∗ 𝐸𝑒𝑥𝑐)/(𝐸𝑒𝑥𝑐 − 𝐸𝑖𝑛ℎ) 

   𝐺𝑒𝑥𝑐(𝑡) = (𝑎(𝑡) − 𝐺𝑖𝑛ℎ(𝑡)) 

We performed this calculation for 100 ms after the stimulus and with 0.1 ms time 

resolution. If there are only glutamatergic and GABAAergic synapses activated and we have 

exact knowledge of their (time-invariant) reversal potentials (0 mV and -70 mV, (Melzer et 

al., 2012; Purves et al., 2001), Gexc and Ginh describe the time course of the stimulus evoked 

synaptic conductances in the cell. The conductances induced by stimulation were averaged 

over three repetitions.  

The instantaneous relation between the Gexc and Ginh can be examined by calculating the 

excitability ratio (Eratio(t)) at every moment in time after the stimulus: 

𝐸𝑟𝑎𝑡𝑖𝑜(𝑡) = (𝐺𝑒𝑥𝑐 + 𝐺𝑚)/(𝐺𝑖𝑛ℎ + 𝐺𝑚) 

The membrane conductance (Gm) of the cell was determined as the inverse of the passive 

membrane resistance recorded in voltage clamp (Table 1). The membrane conductance was 

added to the synaptic conductance to prevent a division by 0. 

Statistics. All values are reported as mean and standard error of the mean (SEM). 

Statistical analysis was performed using MATLAB or Prism 6 (Graphpad Software Inc., La Jolla, 

CA). Pairwise comparisons were made using Student's t-test; multiple comparisons were 

performed using ANOVA with the appropriate post-hoc tests and relations were analyzed 

using linear regression. Comparisons between responsive and non-responsive neurons were 

https://paperpile.com/c/FJgcSr/hiBTv+madnA
https://paperpile.com/c/FJgcSr/hiBTv+madnA
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performed using Mann-Whitney U non-parametric test (Table 2). P<0.05 was assumed to 

reject the null hypothesis. 

 

Results 

Stimulus induced firing in superficial and deep layer principal neurons 

Since previous studies suggested that the superficial layers of the PER-LEC network are 

the main route for activity from the cortex to the hippocampus (de Villers-Sidani et al., 2004; 

Willems et al., 2018), we investigated whether principal neurons in the superficial layers are 

more responsive to cortical input than deep layer neurons. To address this, we stimulated 

Figure 1. Responsiveness of superficial and deep layer principal neurons after AiP stimulation. A. Top: lateral 
view of the mouse brain with a dotted line indicating the slice plain for the horizontals slice shown at the 
bottom. Bottom: Schematic overview of a horizontal mouse brain slice indicating the stimulus electrode in the 
AiP and the recorded superficial (green) and deep (black) layer neuron pairs (n = 23) in the PER-LEC network. 
B. Typical examples of a superficial and deep neuron, recorded at clamped currents resulting in membrane 
potentials of -90 to -50 mV, showing evoked action potential firing after AiP stimulation () at max stimulus 
intensity. C. The fraction of superficial (green) and deep (black) layer neurons in the recorded population that 
respond to the maximal stimulus with at least one action potential in three consecutive recordings as a 
function of membrane potential. D. The spike probability as a function of membrane potential at maximal 
stimulus intensity. Asterisk indicate the significance level * < 0.05. E. The spike probability as a function of 
membrane potential and increasing stimulus intensities in superficial (left) and deep (right) layer principal 
neurons, colorbar represents the spike probablilty. 
Abbreviations: R, rostral; M, medial, C, caudal; L, lateral; AiP, agranular insular cortex; PER, peririhinal cortex; 
LEC, lateral entorhinal cortex. 
 

https://paperpile.com/c/FJgcSr/fRCQ+zUmR
https://paperpile.com/c/FJgcSr/fRCQ+zUmR
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the superficial layers of the abutting AiP in horizontal acute mouse brain slices and performed 

paired whole cell recordings of deep and superficial principal neurons (n = 23 pairs, Figure 1 

A). We stimulated the AiP at the intensity evoking the maximal synaptic response (average 

maximal intensity = 904 ± 68 µA) and recorded the membrane potential changes at 5 

increasing holding currents keeping the membrane potential at -90 to -50 mV (Figure 1 B). 

Both the deep layer principal neurons and the superficial principal neurons could spike in 

response to AiP stimulation. The neurons were classified as responsive when they fired an 

action potential after at least 1 stimulus at 1 membrane voltage. The fraction of responsive 

neurons varied: AiP stimulation evoked action potential firing in 12/23 superficial layer 

principal neurons and 4/23 deep layer principal neurons (Figure 1 C). Furthermore, the 

spiking probability, calculated by the number of times at least 1 spike was evoked in three 

consecutive recordings, was larger in superficial principal neurons at increasing membrane 

potentials (Figure 1D). The same trend was found when we stimulated the AiP at lower 

stimulus intensities (Figure 1 E). 

There could be several explanations for this difference in responsiveness between 

Table 1. Intrinsic properties of superficial and deep layer principal neurons 

Property 
Superficial 
(n = 23) 

Deep 
(n = 23) 

RMP (mV) -61.0 ± 1.5 -60.3 ± 1.1 

Rm (MΩ) 131 ± 11 133 ± 11 

Capacitance (pF) 23.8 ± 2.5 20.9 ± 1.4 

Membrane τ (ms) 11.0 ± 0.8 11.0 ± 1.0 

Sag (mV) 2.30 ± 0.21 2.26 ± 0.29 

Time to first AP (ms) 63 ± 11 65 ± 6 

AP threshold (mV)  -39.1 ± 0.8 -36.2 ± 1.1* 

AP threshold - RMP (mV) 21.9 ± 1.8 24.2 ± 1.8 

AP amplitude (mV) 105.4 ± 1.4 100.8 ± 2.9 

AHP amplitude (mV)1  13.0 ± 1.8 9.2 ± 1.7 

Spike half width (ms)  0.77 ± 0.02 0.83 ± 0.03 

All values are mean ± SEM. All values are measured at the current step above threshold, asterisks indicate the significance 
level (* < 0.05). 
1 AHP amplitude is measured from threshold to maximal afterhyperpolarization 
Abbreviations: RMP, resting membrane potential; Rm, membrane resistance; AP, action potential; AHP, afterhyperpolarization. 



 

 

 

98 

superficial and deep layer principal neurons. In the following part we will consider the 

intrinsic properties of neurons and the evoked synaptic strength. 

 

Differences in intrinsic properties between deep and superficial neurons 

To examine whether the differences found in the stimulus-evoked spiking probability 

between superficial and deep layer principal neurons result from their intrinsic properties, 

we applied a series of current injections and determined the passive and active properties of 

the neuronal membrane. Table 1 shows the measured intrinsic properties. Interestingly, the 

only difference between superficial and deep layer neurons was the firing threshold, which 

was slightly more hyperpolarized for superficial neurons. Superficial and deep layer neurons 

did not show differences on other properties like resting membrane potential, resistance, 

capacitance, sag, action potential amplitude, after hyperpolarization amplitude and spike 

width. 

We compared the properties of responsive and non-responsive neurons within the 

superficial and deep layers to further elucidate if the intrinsic properties influence the 

Table 2. Intrinsic properties of responsive and non-responsive principal neurons 

             Superficial                 Deep 

Property 
Responsive 
(n = 12) 

Non-responsive 
(n = 11) 

Responsive 
 (n = 4) 

Non-responsive 
 (n = 19) 

RMP (mV)  -59.1± 2.0 -63.0 ± 2.1 -62.3 ± 1.6 -59.9 ± 1.3 

Impedance (MΩ)  135 ± 13 126 ± 20 89 ± 12 143 ± 13* 

Capacitance (pF)  20.4 ± 2.0 27.6 ± 4.5 23.4 ± 1.4 20.4 ± 1.6 

Membrane τ (ms)  10.4 ± 1.0 11.5 ± 1.1 9.0 ± 2.3 11.4 ± 1.1 

Sag (mV)  2.3 ± 0.3 2.4 ± 0.3 3.0 ± 0.7 2.1 ± 0.3 

Time to first AP (ms)  50 ± 5 77 ± 23 56 ± 11 67 ± 7 

AP threshold (mV)  -41.3 ± 0.6 -36.6 ± 1.0** -38.0 ± 2.8 -35.8 ± 1.2 

 AP threshold - Vm (mV)  17.7 ± 2.4 26.4 ± 2.2* 24.3 ± 1.8 24.1 ± 2.1 

AP amplitude (mV)  108 ± 1 102 ± 3* 108 ± 7 99 ± 3 

AHP amplitude (mV)1 15.5 ± 2.5 10.3 ± 2.6 3.8 ± 1.6 10.4 ± 1.9 

Spike half width (ms)  0.73 ± 0.02 0.81 ± 0.03* 0.83 ± 0.01 0.83 ± 0.03 

All values are mean ± SEM. All values are measured at the current step above threshold, asterisks indicate the significance 
level (* < 0.05, ** < 0.01). 
1 AHP amplitude is measured from threshold to maximal afterhyperpolarization 
Abbreviations: RMP, resting membrane potential; AP, action potential; AHP, afterhyperpolarization. 
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likelihood of action potential firing in response to a stimulus (Table 2). The responsive and 

non-responsive neurons in the superficial layers showed differences in their action potential 

threshold, the resting membrane potential and action potential threshold, action potential 

amplitude, and half width (Table 2). Deep layer neurons only showed a difference in 

membrane resistance between responsive and non-responsive neurons. 

These marginal differences in intrinsic properties can only provide a partial explanation 

for the differences in responsiveness to the AiP stimulation. It is however likely that the 

components of the synaptic input also play an important role in the distinct responses of 

superficial and deep layer principal neurons. 

 

The timing and amplitude of the synaptic input differs between deep and superficial neurons 

To examine the synaptic input onto superficial and deep layer principal neurons, we 

recorded the stimulus evoked synaptic currents at a membrane potential of -90 mV at the 

stimulus intensity evoking the maximal response in 23 superficial-deep layer neuron pairs 

(Figure 1 A). 

The latency difference between the evoked responses in the superficial and deep layer 

neurons was 1.7 ± 0.5 ms, suggesting that the superficial neuron received the synaptic input 

Figure 2. Comparison of stimulus evoked 
responses in superficial and deep layer 
principal neurons. A. Typical example of 
the evoked synaptic current in a paired 
recording of superficial (green) and deep 
(black) layer neurons after AiP stimulation 
( indicates the moment of stimulation). 
The trace represents the average ± SEM of 
three consecutive recorded responses. 
Scale bars: 5 ms, 100 pA. B-C. Comparison 
of the latency (B, superficial: 5.1 ± 0.2 ms, 
deep: 6.8 ± 0.5 ms) and peak amplitude (C, 
superficial: 819 ± 116 pA, deep: 381 ± 75 
pA) of the evoked synaptic responses, gray 
lines connect the values of the 
simultaneously recorded superficial 
(green) and deep (black) layer neurons. 
Asterisks indicate the significance level ** 
< 0.01. 
Abbreviations: AiP, agranular insular 
cortex; super, superficial layer principal 
neurons; deep, deep layer principal 
neurons. 
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earlier than the deep layer neuron (p = 0.0047; Figure 2 A, B). The peak amplitude of the 

evoked response was larger in superficial neurons compared to deep layer neurons (p = 

0.0031; Figure 2 A, C). This larger peak amplitude of the evoked responses in superficial 

neurons could either result from a stronger synaptic projection onto the superficial layer 

neurons or from a larger excitability ratio of the synaptic input. 

 

Synaptic input in superficial principal neurons has a larger excitability ratio  

As synaptic currents most likely consist of excitatory and inhibitory components, we 

decomposed the stimulus-evoked synaptic conductance into the excitatory and inhibitory 

conductance in 22 pairs of superficial and deep layer principal neurons. 

Figure 3 shows the stimulus activated excitatory conductance (Gexc) and inhibitory 

conductance (Ginh) after AiP stimulation in response to the maximal stimulus intensity in 

superficial and deep layer neurons. The latency of the evoked Gexc (p = 0.0258; Figure 3 A, B) 

and Ginh (p = 0.0299; Figure 3 D, E) was smaller in superficial layer neurons compared to deep 

layer neurons. The peak amplitude of the Gexc was larger in superficial layer neurons, 

compared to deep layer neurons (p = 0.0043; Figure 3 A, C). The evoked Ginh showed the 

same result (Figure 3 D): the peak was larger in superficial layer neurons, when compared to 

deep layer neurons (p = 0.0153; Figure 3 D, F). 

The Ginh was evoked later than the Gexc in both superficial and deep layer neurons 

(superficial p < 0.0001, deep p < 0.0001; Figure 3 B, E) and the time difference between the 

evoked Gexc and Ginh was comparable between superficial and deep layer neurons (Figure 3 

G). The Ginh peak amplitude was larger than the Gexc peak amplitude in both superficial and 

deep layer neurons (superficial p = 0.0012, deep p = 0.00025; Figure 3 C and F). 

To address the dynamics of the interaction between the evoked excitation and inhibition 

in time, we determined the excitability ratio at 50% (Figure 3 H left) and 100% (Figure 3 H 

right) stimulus intensity. We found that the progression of the evoked excitability ratio was 

comparable for 50% and 100% stimulus intensity (Figure 3 H top), despite the Gexc peak 

amplitude increased with intensity (Figure 3 H bottom). Since the excitability ratio is 

unchanged at 50% and 100% stimulus intensity, the excitation and inhibition scaled 

comparably with the stimulus. Moreover, we found that the positive peak of the excitability 

ratio is larger in superficial layer neurons (p = 0.0112; Figure 3 I). 
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 We subtracted the latency of the Gexc peak from the Ginh peak to determine the peak 

time difference and this resulted in a longer delay between the Gexc and Ginh peak in 

superficial neurons compared to deep layer neurons (p = 0.0236; Figure 3 J). This indicates 

that the peak of the Gexc and Ginh occurred in quick succession in deep layer neurons, thereby 

decreasing in the peak excitability ratio. 

Figure 3. Comparison of the evoked synaptic excitatory and inhibitory conductances after AiP stimulation. A. 
Typical example of the stimulus evoked Gexc in superficial (green) and deep layer (black) neurons at max 
stimulus intensity ( indicates the moment the stimulus was applied). The trace represents the average ± 
SEM of three consecutive recorded responses. B-C. The latency (superficial: 4.9 ± 0.2 ms, deep: 6.5 ± 0.6 ms, 
B) and peak amplitude (superficial: 6.3 ± 1.1 nS, deep: 3.0 ± 0.7 nS, C) of the evoked Gexc in superficial and deep 
layer neurons. The boxes () show the mean with SEM, the gray lines connect the recorded pairs. D. Typical 
example of the stimulus evoked Ginh in superficial (green) and deep layer (black) neurons at max stimulus 
intensity. The trace represents the average ± SEM of three consecutive recorded responses. E-F. The latency 
(superficial: 7.2 ± 0.4 ms, deep: 9.2 ± 0.7 ms, E) and peak amplitude (superficial: 14.0 ± 2.4 nS, deep: 8.1 ± 1.4 
nS, F) of the evoked Ginh in superficial and deep layer neurons. G. The difference in latency (T) between the 
evoked Ginh and Gexc (superficial: 2.4 ± 0.4 ms, deep: 2.7 ± 0.5 ms), calculated by subtracting the Gexc latency 
from the Ginh latency. H. Top: The average excitability ratio after a stimulus () at 50% (left) and 100% (right) 
stimulus intensity in the total recorded population of superficial and deep layer neurons. Bottom: the average 
evoked Gexc at 50% (left) and 100% (right) stimulus intensity in the total recorded population of superficial and 
deep layer neurons. I. The comparison of the peak amplitude of the excitability ratio (superficial: 1.35 ± 0.08, 
deep: 1.17 ± 0.04) evoked after stimulation at 100% stimulus intensity. J. Comparison of the time shift between 
the peak latency of the Gexc (4.4 ± 0.6 ms) and Ginh (1.2 ± 0.9 ms) in superficial and deep layer principal neurons 
after stimulation at 100% stimulus intensity, calculated by subtracting the Gexc peak latency from the Ginh peak 
latency. Asterisks indicate the significance level (* < 0.05, ** < 0.01). 
Abbreviations: Gexc, excitatory conductance; Ginh, inhibitory conductance; AiP, agranular insular cortex; super, 
superficial layer principal neurons; deep, deep layer principal neurons. 
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A large peak in the excitability ratio will create a window of opportunity for the neuron 

to spike in response to the stimulus. This implies that the timing of the evoked excitation and 

inhibition plays a role in regulating the spiking of superficial and deep layer neurons in the 

PER-LEC network. 

Figure 4. Dynamics of the evoked excitatory (Gexc) and inhibitory (Ginh) conductance in superficial layer principal 
neurons after AiP stimulation. A. Top: Typical example traces of the evoked Gexc (blue) and Ginh (red) after 
stimulation at 25, 50, 75, and 100% of the stimulus intensity evoking the maximal response. Bottom: Typical 
example traces of the evoked excitability ratio after stimulation at 25, 50, 75, and 100% of the stimulus intensity 
evoking the maximal response. The trace represents the average ± SEM of three consecutive recorded 
responses. B-C. Comparison of the latency (Gexc: 5.3 ± 0.5 ms, Ginh: 8.5 ± 0.6 ms, B) and peak amplitude (Gexc: 
5.9 ± 1.6 nS, Ginh: 7.8 ± 1.4 nS, C) of the Gexc (blue) and Ginh (red) after AiP stimulation at max intensity (100%). 
The boxes () show the mean with SEM (n = 16), the gray lines connect the recorded pairs.  D. Average latency 
of the Gexc and Ginh at 25, 50, 75, and 100% stimulus intensity.  
Abbreviations: Gexc, excitatory conductance; Ginh, inhibitory conductance; AiP, agranular insular cortex. 
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Effect of stimulus intensity on the dynamics of excitation and inhibition in superficial principal 

neurons 

The timing of inhibition and excitation in the superficial layers principal neurons was 

examined in more detail by recording the inhibitory and excitatory conductance after 

stimulation at 5 stimulus intensities (i.e. 25%, 50%, 75%, and 100% stimulus intensity) in 16 

superficial principal neurons. 

Figure 4 A shows typical examples of the evoked Gexc and Ginh (top traces) and excitability 

ratio (bottom traces) after AiP stimulation at increasing stimulus intensities. The kinetics of 

the evoked conductances at 100% stimulus intensity showed that the peak Ginh was larger 

than the peak Gexc (p = 0.0403; Figure 4C) and the latency of the Ginh was larger than for the 

Gexc (p < 0.0001; Figure 4 B). A repeated measures ANOVA was conducted to address the 

effect of stimulus intensity on the latency of the evoked Gexc and Ginh. Interestingly, the 

latency of the Gexc decreased with increasing stimulus intensities (F(3,14) = 8.430, p = 0.0012) 

with the slope of the linear trend being -0.135 ms/% and an R2 of 0.02 (p < 0.0001, Figure 4 

D). The latency of the Ginh was not affected by the increase in stimulus intensity (repeated 

measures ANOVA n.s., Figure 4 D). 

This data showed that the Gexc is evoked before the Ginh, but with a smaller peak. 

Furthermore, the latency of the Gexc is affected by the stimulus intensity, whereas the Ginh is 

generally evoked with a latency independent of the stimulus intensity. This suggests that the 

population of interneurons in the PER-LEC network is activated at a consistent moment after 

the stimulus, independent of the stimulus intensity. To address this issue, we determined 

how the inhibitory network of the superficial layers behaves upon AiP stimulation. 

 

Direct recruitment of PV interneurons after AiP stimulation 

Since the inhibitory input follows the excitation in superficial and deep layer principal 

neurons, it is likely that this inhibition originates from interneuron activity in the local PER-

LEC network. To understand the role of the local inhibitory network in the superficial layers 

of the PER-LEC in more detail, we performed recordings of 16 PV interneuron - principal 

neuron pairs to reveal the dynamics of principal neuron and PV interneuron recruitment. PV 

interneurons differed in their intrinsic properties compared to principal neurons (Table 3). 
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To determine the connectivity between a principal neuron and a PV interneuron, we 

evoked action potentials in one neuron and recorded the evoked EPSC or IPSC in the other 

(for details see Willems et al., 2018). Figure 5 shows examples of the paired recordings in the 

PER-LEC superficial layers. We found direct connectivity from the principal neuron onto the 

PV interneuron in 3 out of 16 pairs (Figure 5 A) and 1 out of 16 pairs showed a direct 

connection from PV interneuron to principal neuron (Figure 5 B). This data indicates that the 

connectivity for both feedforward (Figure 5 A) and feedback (Figure 5 B) inhibition is present 

in the superficial layers of the PER-LEC. 

To further address the dynamics of principal neuron and PV interneuron recruitment, we 

stimulated the AiP at max stimulation intensity (977 ± 116 µA) and recorded the evoked 

synaptic responses simultaneously in the principal neuron and PV interneuron pair. Figure 5 

C shows an overview of the distribution of the recorded pairs in a schematic drawing of a 

slice. All recorded principal neuron – PV interneuron pairs (16/16) both received AiP evoked 

synaptic input upon stimulation. The PV interneurons received their input before the 

principal neurons (p = 0.0008; Figure 5 D, E) and the synaptic input in the PV interneurons 

Table 3. Intrinsic properties of principal neurons and PV interneurons 

Property 
Principal neuron 
(n = 16) 

PV interneuron 
(n = 16) 

RMP (mV) -63.6 ± 1.8 -64.8 ± 1.7 

Impedance (MΩ) 87.4 ± 12.7 76.6 ± 5.9 

Capacitance (pF) 22.3 ± 2.0 15.4 ± 1.3** 

Sag (mV) 2.1 ± 0.3 0.8 ± 0.1*** 

Time to first AP (ms) 34 ± 5 13 ± 4** 

AP threshold (mV)  -40.4 ± 0.82 -37.7 ± 0.8* 

 AP threshold - Vm (mV) 23.2 ± 2.1 27.1 ± 2.1 

AP amplitude (mV) 105.1 ± 2.6 73.3 ± 1.6*** 

AHP amplitude (mV)1  12.7 ± 2.9 33.3 ± 1.1*** 

Spike half width (ms)  0.77 ± 0.04 0.44 ± 0.01*** 

All values are mean ± SEM. All values are measured at the current step above threshold, asterisks indicate the significance level 
(* < 0.05, ** < 0.01, *** < 0.001). 
1 AHP amplitude is measured from threshold to maximal afterhyperpolarization 
Abbreviations: RMP, resting membrane potential; AP, action potential; AHP, afterhyperpolarization. 

https://paperpile.com/c/FJgcSr/zUmR
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had a larger peak amplitude than the principal neurons (p = 0.0057; Figure 5 D, F). 

This data indicates that the PV interneurons in the superficial layers are functionally 

connected to principal neurons and can deliver their inhibitory input to the principal neurons 

in the local PER-LEC network. PV interneurons are also recruited earlier than the principal 

neurons and the input onto the PV interneurons is considerably larger than the input onto 

the principal neurons. This suggests that the PV interneurons could be responsible for the 

inhibition observed in the superficial principal neurons. However, a prerequisite is that the 

PV interneurons must be able to fire action potentials quickly after the AiP stimulation.  

 

 

 

Figure 5. Paired recordings of principal neurons (PrN) and PV interneurons. A. Typical example of a coupled pair, 
showing a PrN (black) to PV (red) connection. The top trace shows the evoked action potentials in the PrN and 
the bottom trace shows the action potential evoked EPSCs in the PV interneuron, recorded at a membrane 
potential of -70 mV. B. Typical example of a coupled pair, showing a PV (red) to PrN (black) connection. The 
top trace shows the evoked action potentials in the PV interneurons and bottom trace shows the action 
potential evoked IPSCs in the PrN, recorded at a membrane potential of -50 mV. C. Schematic overview of the 
distribution of recorded PrN-PV pairs. One dot represents one pair; the distance between simultaneously 
recorded neurons was never more than 200 µm. D. Typical example of the evoked synaptic current, at a -70 
mV membrane potential, in a PrN (black) and PV (red) interneuron after AiP stimulation () at max stimulus 
intensity. E-F. Comparison of the latency (PrN: 5.7 ± 0.5 ms, PV: 4.8 ± 0.4 ms, E) and peak amplitude (PrN: 659 
± 180 pA, PV: 1493 ± 278 pA, F) of the evoked synaptic response in PrN-PV interneuron pairs after AiP 
stimulation at max stimulus intensity. The squares () show the mean with SEM, the gray lines connect the 
recorded pairs. 
Abbreviations: PrN, principal neuron; PV, parvalbumin expressing interneuron; AiP, agranular insular cortex.
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Principal neuron and PV interneuron action potential firing after AiP stimulation 

To address the action potential firing after AiP stimulation in both superficial layer principal 

neurons and PV interneurons, the neurons were held at 5 holding potentials between -90 to 

-50 mV by injecting current  while the AiP was stimulated at 4 stimulus intensities between 

25 – 100%. Figure 6 A shows typical examples of a recorded principal neuron – PV 

interneuron pair. At the maximal stimulus intensity, 5/16 principal neurons and 13/16 PV 

interneurons evoked action potentials. PV interneurons fired earlier than principal neurons 

(p = 0.0109; Figure 6 B) after stimulation. The spike probability of evoked action potential 

firing was larger in PV interneurons compared to principal neurons at all membrane voltages 

(p < 0.01 at all 5 holding potentials, Figure 6 C). Furthermore, higher stimulus intensities 

resulted in a higher spike probability in PV interneurons compared to principal neurons (p < 

Figure 6. Evoked action potential firing in principal neurons and PV interneurons. A. Typical example traces of 
a recorded principal neuron (black) – PV interneuron (red) pair showing the evoked action potential firing at 
increasing stimulus intensities of 25, 50, 75, and 100% of the maximal stimulus. Evoked firing was recorded at 
5 increasing membrane potentials, ranging from -90 to -50 mV. AiP stimulation was applied at the . B. 
Comparison of the average spike time of the first spike evoked in the principal neuron (6.9 ± 0.5 ms, black) 
and PV interneuron (10.9 ± 1.9 ms, red) at 100% stimulus intensity. C. Spike probability of the stimulus evoked 
action potential firing in principal neurons (black) and PV interneurons (red) at 100% stimulus intensity. D. 
Spike probability of the stimulus evoked firing in principal neurons (black) and PV interneurons (red) at 
increasing stimulus intensities, when recorded at a membrane voltage of -60 mV. E. The spike time of the first 
spike evoked in principal neurons (black) and PV interneurons (red) after stimulation at increasing stimulus 
intensities, when recorded at a membrane voltage of -60 mV. Numbers indicate the N-value of how many cells 
spiked upon stimulation. 
Abbreviations: PrN, principal neuron; PV, parvalbumin expressing interneuron; AiP, agranular insular cortex. 
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0.001 at all 4 stimulus intensities, Figure 6 D), indicating that the PV interneurons fired action 

potentials easier than the principal neurons. 

We showed above that the timing of inhibitory conductance was consistent at increasing 

stimulus intensities, whereas the latency of the excitatory conductance systematically 

became smaller (Figure 4). As expected, we found that the first spike in the PV interneurons 

was evoked consistently at the same time in relation to the stimulus, independent of the 

stimulus intensity, whereas the first spike occurred earlier in time in the principal neurons 

with increasing stimulus intensity (Figure 6 A, E). We hypothesize that the PV interneurons 

are the main driver for the inhibitory conductance evoked in principal neurons after 

stimulation. 

 

PV interneurons account for the fast acting inhibition in principal neurons 

Next, we related the PV firing to the inhibitory synaptic component in the principal 

neurons. To examine whether the firing of PV interneurons in the local PER-LEC network can 

account for the Ginh recorded in principal neurons, we simultaneously recorded the synaptic 

conductance in the principal neurons and the action potential firing in the PV interneuron 

after AiP stimulation. 

Figure 7 A shows example traces of the spiking pattern of a PV interneuron and the 

simultaneously recorded Ginh in the principal neuron at increasing stimulus intensities (25, 

50, 75, and 100% of the maximal stimulus intensity). We observed that the Gexc was evoked 

before the first spike in the PV interneuron at different stimulus intensities (Table 4, Figure 7 

B, blue). The Ginh however, was evoked around the first spike time of the PV interneuron 

(Table 4, Figure 7 B, red). To address whether the PV interneuron population can account for 

the large inhibitory conductance evoked in principal neurons, we examined whether the 

Table 4. Timing of the Gexc and Ginh relative to the first PV spike 

Stimulus intensity Gexc Ginh p-value 

25% -2.4 ± 0.4 ms -0.03 ± 0.6 ms 0.0007 

50% -2.6 ± 0.7 ms 0.1 ± 0.5 ms 0.0007 

75% -1.9 ± 0.3 ms 1.8 ± 1.2 ms 0.0097 

100% -2.0 ± 0.3 ms 1.0 ± 0.5 ms 0.0000 

All values are mean ± SEM. 
Abbreviations: Gexc, excitatory conductance; Ginh, inhibitory conductance; AiP, agranular insular cortex. 
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number of spikes before the peak Ginh was related to the simultaneously recorded peak 

amplitude of the Ginh in the principal neuron. We found a strong correlation between the 

number of evoked spikes in the PV interneuron before the peak Ginh and the peak amplitude 

of the Ginh in the principal neuron after stimulation of at all stimulus intensities (25%: p = 

0.0038, 50%: p = 0.0003, 75%: p = 0.0004, 100%: p = 0.0002;  Figure 7 C). This data suggests 

that the spiking of the PV interneurons specifically can result in the large Ginh evoked in the 

principal neurons after AiP stimulation. 

 

 

 

 

Figure 7. PV interneuron firing can account for the fast acting Ginh evoked in principal neurons. A. Typical 
example traces of the evoked Gexc (blue trace) and Ginh in the principal neuron (red trace) with on top the 
rasterplot of the action potentials simultaneously evoked in the PV interneuron after stimulation at 25, 50, 75 
and 100% of the max stimulus intensity. AiP stimulation was applied at the . The trace represents the average 
of three consecutive recorded responses. B. Distribution plots of the timing of the Gexc (blue) and Ginh (red) in 
relation to the first spike time (at 0 ms) at 4 stimulus intensities. C. Relation between the number of PV spikes 
occurring before the Ginh peak and the Ginh peak amplitude at 4 stimulus intensities (25%: rS = 0.76, 50%: rS = 
0.83, 75%: rS = 0.82, 100%: rS = 0.84).   
Abbreviations: PV, parvalbumin expressing interneuron; Gexc, excitatory conductance; Ginh, inhibitory 
conductance; AiP, agranular insular cortex. 
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Discussion 

This study was conducted to answer the question whether neocortical input is 

transmitted via the superficial layers of the PER-LEC network. We showed earlier that a 

strong inhibitory response in the deep layers blocks the output pathway of the hippocampus 

(Willems et al., 2018) and we hypothesize that the superficial layers are facilitated due to 

different activation of inhibition and excitation in the local network. In this study we 

compared the action potential firing and transient excitation-inhibition dynamics in response 

to a neocortical stimulus in the AiP to examine the differences in excitability between the 

superficial and deep layers of the PER-LEC network. This revealed that the synaptic strength 

is larger in superficial layer principal neurons and the timing of excitation and inhibition 

results in a larger peak in the excitability ratio. Hereby, the synaptic input induces action 

potential in superficial layer neurons, regulated by accurate timing of PV interneuron 

mediated inhibition. 

  

Principal neurons in the superficial layers are more responsive to AiP stimulation than in the 

deep layers 

The recruitment of the principal neurons in the superficial and deep layers of the PER-

LEC differs in response to AiP stimulation in this particular mouse brain slice preparation: a 

larger population of neurons responded to a synaptic input with action potential firing in the 

superficial layers than in the deep layers. These findings are in line with data of de Villers-

Sidani and colleagues (2004) showing that there is a separated bidirectional pattern of 

synaptic interactions in the superficial and deep layers of the PER-LEC network (de Villers-

Sidani et al., 2004). 

Superficial layer neurons had a slightly lower threshold for action potential firing 

compared to deep layer principal neurons. It is however unlikely that this small difference 

solely can explain the large difference in the number of responsive neurons, since the voltage 

difference between the resting membrane potential and the AP threshold was not different. 

The synaptic strength however, was much larger in superficial layer neurons. Anatomical in 

vivo data showed evidence that projections from the AiP along the rostrocaudal axis mainly 

converge onto the superficial layers and less onto the deep layers of the PER and LEC 

https://paperpile.com/c/FJgcSr/fRCQ
https://paperpile.com/c/FJgcSr/fRCQ
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(Mathiasen et al., 2015). It is therefore expected that the differences in responsiveness are 

due to the differences in synaptic strength. 

After stimulation of the AiP superficial layers, the evoked excitatory and inhibitory 

responses were first detected in the superficial layer neurons and subsequently the deep 

layer neurons received input. To understand this delay in the synaptic inputs, the 

morphological differences between deep and superficial layer neurons should be taken in 

consideration. A detailed analysis of the morphology of LEC neurons and showed that the 

dendritic tree of superficial layer neurons mainly stay in the superficial layers whereas deep 

layer neuron dendrites extend into all layers of the LEC (Canto & Witter, 2012; Lingenhöhl & 

Finch, 1991). Accordingly, AiP axons running superficially could target the dendrites of both 

superficial and deep layer neurons within this superficial area. However, more time is needed 

to conduct the evoked synaptic currents along the large dendritic tree to the deep layer 

somas as the dendritic conduction time in these large deep layer principal neurons can take 

up to 5 ms before the synaptic evoked current reaches the soma (Jarsky, Roxin, Kath, & 

Spruston, 2005). Consistent with this, we found that the deep neurons receive the synaptic 

input 1.7 ms later than the superficial layer neurons. 

The excitability ratio revealed that the net excitatory input is larger and earlier in 

superficial principal neurons compared to deep layers. This period of net excitability forms a 

window of opportunity for spiking which is larger in superficial neurons. The fast inhibition 

following the excitation in both superficial and deep layer neurons can track and control the 

action potential firing on a millisecond time scale (Denève & Machens, 2016). Furthermore, 

a balanced cortical network ensures reliable operation of the network in response to various 

synaptic inputs (Rubin, Abbott, & Sompolinsky, 2017). In line with this theory is the concept 

that these separate cortical networks have to operate accurately: if superficial layers are 

transmitting activity, deep layers should be silenced. Evidence for this concept is found in 

vivo in the medial entorhinal cortex, where deep layer neurons are particularly silent 

compared to superficial neurons during a novel environment exploration task (Burgalossi, 

von Heimendahl, & Brecht, 2014). 

These experiments were performed in an in vitro brain slice paradigm to understand the 

responses of superficial and deep layer neurons to a single synaptic input from the AiP. It has 

to be noted that in the in vivo brain, neurons in the cortex are constantly bombarded with 

https://paperpile.com/c/FJgcSr/jNsA
https://paperpile.com/c/FJgcSr/mXbp+DBpE
https://paperpile.com/c/FJgcSr/mXbp+DBpE
https://paperpile.com/c/FJgcSr/PNsU
https://paperpile.com/c/FJgcSr/PNsU
https://paperpile.com/c/FJgcSr/5kkY
https://paperpile.com/c/FJgcSr/cFzk
https://paperpile.com/c/FJgcSr/ZIQV
https://paperpile.com/c/FJgcSr/ZIQV
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synaptic noise, resulting in a high conductance state (Destexhe, Rudolph, & Paré, 2003). It is 

therefore likely that neurons are more responsive in vivo, than when they are recorded in 

vitro. Still, the synaptic strength difference found in this study persists, eventually also 

resulting in a more responsive population of superficial layer neurons, compared to the deep 

layers. 

Altogether, these findings confirm the hypothesis that AiP input drives the superficial 

layers of the PER-LEC network to transmit the activity while the output pathway in the deep 

layers is inhibited. 

  

PV interneurons tightly regulate the inhibitory input onto superficial layer neurons 

Superficial layer principal neuron activity has to be tightly regulated by input from 

inhibitory interneurons. This study showed that local PV interneurons in the superficial layers 

are functionally connected to principal neurons. Analysis of the AiP evoked synaptic currents 

revealed that PV interneurons receive excitatory input earlier and they spike faster, 

compared to principal neurons, indicating that PV interneurons in the superficial layers are 

directly activated after AiP stimulation.  PV interneurons are recruited in a comparable way 

in the PER-LEC deep layers, with the only difference that PV interneurons are more effective 

in blocking the principal neuron output in the deep layers in response to a superficial AiP 

stimulus (Willems et al., 2018). 

We found that the first emitted spike of the superficial layer principal neurons and PV 

interneurons behaves differently to increasing stimulus intensities: the latency of the first 

spike in the principal neuron decreased with increasing stimulus intensity, while the PV 

interneuron spiked at a constant, stimulus intensity independent, latency. In line with this, 

we found that the excitatory conductance arose earlier at higher stimulus intensities, 

whereas the inhibitory conductance was evoked at a consistent time after every stimulus in 

the superficial principal neurons, creating a window of opportunity for spiking. 

PV interneurons played a crucial role in the construction of this small window of 

opportunity for principal neuron firing. The very strong correlation between the amount of 

spikes in the PV interneuron and the peak amplitude of the simultaneously recorded 

inhibitory conductance in the principal neuron illustrated that the PV interneurons were 

capable of accounting for the large inhibitory conductance evoked in the principal neurons. 

https://paperpile.com/c/FJgcSr/3kkp
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This relation indicates that the PV interneurons account for the inhibitory response recorded 

in the principal neurons and suggest that local PV interneurons regulate the inhibition onto 

principal neurons and thereby the temporal firing pattern of principal neurons (Klausberger 

& Somogyi, 2008; Miles, Tóth, Gulyás, Hájos, & Freund, 1996). Furthermore, PV interneurons 

in the superficial layers probably behave very similarly as one population, since the total 

amount of inhibition evoked in principal neurons is likely the result of the activity of many PV 

interneurons (Packer & Yuste, 2011).  

 

Mechanism for gating cortical input by the PER-LEC network 

A gate from the neocortex to the hippocampus, formed by the PER-LEC network, is 

hypothesized to actively select relevant information (de Curtis & Paré, 2004). The regulation 

of principal neuron firing by PV interneurons can be the underlying mechanism of this gate. 

This study showed that the time and amplitude relation between excitatory and inhibitory 

input– the excitability ratio – evoked in principal neurons creates a window of opportunity 

for spiking, selecting information for downstream information transfer. This gating 

mechanism depends of two aspects: 1) the accuracy of PV interneuron firing and 2) the 

timing and amplitude of the excitatory input. PV interneurons have been shown to respond 

very at a very accurate timing after receiving synaptic input, ensuring very consistent 

inhibition in principal neurons. This consistent inhibition blocks principal neuron firing if 

excitatory input is received too late. Only when the timing of excitation is early enough and 

the excitatory input is large enough, the principal neuron spikes before the accurately timed 

inhibition emerges. Via the regulation of PV interneuron accuracy and timing of excitation in 

principal neurons, highly relevant information can be conducted to the hippocampus for 

processing. 

Together, this suggests that interference with the PV interneuron activity can influence 

the activity transmission through the PER-LEC network (Miles et al., 1996). Such regulation is 

for example seen in the form of long range septal input to the entorhinal cortex which can 

regulate principal neurons activity by inhibiting local network interneurons (Melzer et al., 

2012). 

This study showed that superficial and deep layer neurons respond in a different fashion 

to a synaptic input from the AiP superficial layers. Superficial neurons have a favorable 

https://paperpile.com/c/FJgcSr/iZHR
https://paperpile.com/c/FJgcSr/RkyO
https://paperpile.com/c/FJgcSr/madnA
https://paperpile.com/c/FJgcSr/madnA
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excitability ratio, created by different timing of the activated excitation and inhibition in the 

neuronal population. With increasing stimulus intensity, the activation of excitation occurs 

earlier, while the timing of the inhibition remains unchanged, creating accuracy in the activity 

of the excitatory network. The subsequent change in excitability ratio creates a larger 

window of opportunity for action potential firing in the superficial layer principal neurons in 

order to transmit neuronal activity towards to hippocampus for processing.   
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Abstract 

The perirhinal (PER) and lateral entorhinal (LEC) cortex function as a gateway for 

information transmission between (sub)cortical areas and the hippocampus. It is 

hypothesized that the amygdala, a key structure in emotion processing, can modulate PER-

LEC neuronal activity before information enters the hippocampal memory pathway. This 

study determined the integration of synaptic activity evoked by simultaneous neocortical and 

amygdala electrical stimulation in PER-LEC deep layer principal neurons and PV interneurons 

in mouse brain slices. The data revealed that both deep layer PER-LEC principal neurons and 

PV interneurons receive synaptic input from the neocortical agranular insular cortex (AiP) 

and the lateral amygdala (LA). Furthermore, simultaneous stimulation of the AiP and LA never 

reached the firing threshold in principal neurons of the PER-LEC deep layers. PV interneurons 

however, mainly showed linear summation of simultaneous AiP and LA inputs and reached 

their firing threshold earlier. This early PV firing was reflected in the forward shift of the 

evoked inhibitory conductance in principal neurons, thereby creating a more precise 

temporal window for coincidence detection which likely plays a crucial role in information 

processing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Key words: perirhinal cortex, entorhinal cortex, parvalbumin interneurons, patch clamp, 
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Introduction 

The parahippocampal region is a crucial part of the memory system, since subregions of 

this parahippocampal pathway, the perirhinal (PER) and lateral entorhinal (LEC) cortex, 

function as the gateway between the (sub)cortex and the hippocampal formation to ensure 

memory formation and retrieval (Burwell and Amaral 1998; Burwell 2000; Burwell and Witter 

2002; Fernández and Tendolkar 2006). Although structural connections between the 

neocortex and the hippocampus through the PER and LEC exist (Cappaert et al. 2014), 

information transfer occurs with a low probability (Biella et al. 2002; Pelletier et al. 2005; 

Koganezawa et al. 2008). How this probability for information transfer can be altered still 

remains to be revealed, but evidence suggests that the amygdala might play a role. 

The emotional enhancement of memory is an important feature of the memory system 

and plays a crucial role in the survival of species (Christianson 1992). It has been shown in 

animal studies as well as in humans that the amygdala can modulate medial temporal lobe 

activity (including the PER and LEC) and therefore enhances memory performance on 

emotional versus neutral stimuli (Cahill and McGaugh 1998; Kilpatrick and Cahill 2003; Dolcos 

et al. 2004). As so, it is shown that the amygdala can modulate the rhinal gate in a way that 

information from the neocortex is more reliably transmitted through the PER-LEC circuitry 

(Paz et al. 2006). 

Previous studies showed that neocortical and amygdala stimulation both lead to PER-LEC 

neuronal population activity in brain slices under the condition of partial GABAA blockade 

(Kajiwara et al. 2003; Koganezawa et al. 2008; Willems et al. 2016). Furthermore, this 

amygdala evoked activity can promote the propagation of network activity from the PER 

through the LEC into dentate gyrus of the hippocampus (Kajiwara et al. 2003; Koganezawa 

et al. 2008), once the inputs from the PER and amygdala coincide in the deep layers of the 

LEC (Koganezawa et al. 2008). Field recordings in the PER also showed that amygdala 

activation increases responsiveness of PER neurons to neocortical stimuli in vivo (Pelletier et 

al. 2005). But how synaptic inputs of the neocortex and the amygdala interact on PER and 

LEC neurons, eventually resulting in increased neuronal responsiveness, is not yet 

understood. It is however hypothesized that simultaneous activation of the amygdala and 

neocortex can result in altered excitatory – inhibitory properties of the PER-LEC network. 

https://paperpile.com/c/O6UHzM/khh1+bruQ+J405+rsmt
https://paperpile.com/c/O6UHzM/khh1+bruQ+J405+rsmt
https://paperpile.com/c/O6UHzM/ijkuL
https://paperpile.com/c/O6UHzM/YHtT+diUR+N7vZ
https://paperpile.com/c/O6UHzM/YHtT+diUR+N7vZ
https://paperpile.com/c/O6UHzM/ZjFfR
https://paperpile.com/c/O6UHzM/GQThO+WWE7N+neeM8
https://paperpile.com/c/O6UHzM/GQThO+WWE7N+neeM8
https://paperpile.com/c/O6UHzM/4GzeF
https://paperpile.com/c/O6UHzM/piw8n+N7vZ+lApbd
https://paperpile.com/c/O6UHzM/piw8n+N7vZ
https://paperpile.com/c/O6UHzM/piw8n+N7vZ
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A key player in the modulation of neuronal excitability in the PER-LEC is the local 

inhibitory network (Willems et al. 2018). Especially parvalbumin positive (PV) interneurons, 

which project onto the soma and axon initial segment of principal neurons, are candidates 

for efficient inhibitory control (Pfeffer et al. 2013). It has been shown in the prefrontal cortex, 

that the amygdala can regulate principal neuron excitability via recruitment of PV 

interneurons in the local prefrontal cortex circuit, resulting in fast feedforward inhibition 

which regulates emotional behavior (McGarry and Carter 2016). These findings lead to the 

hypothesis that the PV interneurons in the PER-LEC deep layers are a target for the amygdala 

driven modulation of PER-LEC activity. However, understanding of how these interactions 

are processed at a local circuit level is still lacking. 

To examine the interactions between the neocortex and the amygdala, the current study 

stimulated the agranular insular cortex (AiP) and lateral amygdala (LA) to represent 

neocortical and amygdalar synaptic input, respectively. These brain areas have been shown 

to project to the PER-LEC network (Krettek and Price 1977; Burwell and Amaral 1998; 

Pitkänen et al. 2000; Canto et al. 2008; Kealy and Commins 2011; Mathiasen et al. 2015). In 

this study we showed how the inhibitory and excitatory network is recruited by synaptic input 

originating from the AiP and LA. Furthermore, we examined how synaptic inputs originating 

in the AiP and LA interact on PER-LEC deep layer principal neurons and PV interneurons. Both 

neuron types received synaptic input from the LA as well as the AiP and interaction of inputs 

in PV interneurons triggers a forward shift in spike timing, causing the temporal window of 

opportunity for coincidence detection of excitation to be more precise. 

 

Materials and Methods 

Animals. Experiments were performed on 8 male and female C57Bl/6 mice (Harlan 

Netherlands BV, Horst) and 20 male and female Pvalbtm1(cre)Arbr (Hippenmeyer et al. 2005)/ 

Gt(ROSA)26Sortm1(EYFP)Cos (Srinivas et al. 2001) transgenic mice. All animals were between the 

ages of P28 and P42. Animal care and experiments were approved by the Animal Care and 

Use committee of the University of Amsterdam and were in accordance with European 

guidelines. 

https://paperpile.com/c/O6UHzM/VjB3x
https://paperpile.com/c/O6UHzM/e2umL
https://paperpile.com/c/O6UHzM/MhCsC
https://paperpile.com/c/O6UHzM/2B8Fg+khh1+VU5Ny+Yankx+yeEZc+1DmM2
https://paperpile.com/c/O6UHzM/2B8Fg+khh1+VU5Ny+Yankx+yeEZc+1DmM2
https://paperpile.com/c/O6UHzM/qrsZI
https://paperpile.com/c/O6UHzM/qo4Jg
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 Slice preparation. Slices were obtained in the same way as described in Willems et al. 

(2018). Animals were killed by decapitation, whereafter the brain was rapidly removed and 

stored in ice-cold modified artificial cerebrospinal fluid (mACSF) containing (in mM): 120 

choline chloride, 3.5 KCl, 5 MgSO4, 1.25 NaH2PO4, 0.5 CaCl2, 25 NaHCO3, 10 D-glucose (pH 

7.4, 300 - 315 mOsmol), oxygenated with 95% O2/5% CO2 for at least 30 minutes. Horizontal 

slices (400 µm thick) containing the neocortical AiP, LA, PER and LEC (Willems et al. 2016) 

were cut in ice-cold mACSF using a VT1200S vibratome (Leica Biosystems, Nussloch, 

Germany). Functional projections from the AiP and the LA to the PER and EC are present in 

this slice preparation (von Bohlen und Halbach and Albrecht 2002; Mathiasen et al. 2015; 

Willems et al. 2016). After sectioning, slices were incubated in ACSF containing (in mM): 120 

NaCl, 3.5 KCl, 1.3 MgSO4, 1.25 NaH2PO4, 2.5 CaCl2, 25 NaHCO3, 10 D-glucose, oxygenated with 

95% O2/5% CO2 (pH 7.4, 300 - 315 mOsmol) at 32˚C for 15 minutes, thereafter slices were 

kept at room temperature until the recording started.  

Electrical stimulation. For electrical stimulation, a bipolar tungsten stimulus electrode 

(World Precision Instruments, Sarasota, FL) with a tip separation of 125 µm was placed under 

visual guidance in the superficial layers of the AiP and in the LA. A single bi-phasic stimulus 

pulse (160 µs/phase) was applied using a DS4 bi-phasic current stimulator (Digitimer Ltd, 

Hertfordshire, UK). 

Voltage sensitive dye imaging. Procedures for voltage sensitive dye (VSD) imaging were 

performed the same way as described in Willems et al. (2016). 

VSD staining. Brain slices were acclimatized for 30 minutes after cutting and subsequently 

slices were incubated for 1 hour with 0.007 mg/ml of the oxonol VSD, NK3630 (Hayashibara 

Biochemical Laboratories Inc., Kankoh-Shikiso, Okoyama, Japan). After staining, the slices 

were kept at room temperature in a holding chamber on a membrane (MilliPore LCR 

membrane filter, FHLC02500, Polytetrafluoroethylene hydrophilic membrane with 0.45 µm 

pore size, Millipore, Billerica, NA), placed on a well filled with ACSF in a moistened 95% O2/5% 

CO2 atmosphere. 

VSD recordings. The electrically-evoked responses were recorded with VSD imaging. The 

stained slices were placed in the recording chamber mounted on a microscope (Axioskop 2 

FS, Zeiss, Germany) and perfused with oxygenated ACSF of 30˚C at a rate of 2 ml/min. The 

microscope was mounted on an isolation stage (Minus K Technology, Inglewood, CA) on top 

https://paperpile.com/c/O6UHzM/VjB3x
https://paperpile.com/c/O6UHzM/VjB3x
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of a stable marble table. Slices were illuminated with a 100 W halogen-tungsten filament 

bulb, powered by a DC voltage source. The excitation light was filtered with a 705 ± 60 nm 

interference filter. Optical responses were recorded using a 464-channel photodiode array 

(H-469II Photodiode Array, WuTech Instruments, Gaithersburg, MD). A 5× objective (0.25 NA 

Fluar, Zeiss, Wetzlar Germany) was used to project the slice onto the diode array. The data 

acquisition was controlled by a custom-made program (for details see Wu et al. 1999). The 

signal from each diode was digitized at 1 kHz with a 12-bit data acquisition board (DAP 

3200a/415 Microstar Laboratories, Bellevue, WA, USA). A digital image of the slice was 

acquired (SPOT, Imaging diagnostics, Sterling Heights, MI, USA) for offline superposition of 

the slice morphology over the diode recording sites. Membrane depolarization is reflected 

by NK3630 as a decrease in light absorption (Jin et al. 2002), which is represented in our 

measurements as a positive signal. The changes in light absorption (ΔA(t)) are proportional 

to the absolute light level A. To get a relevant signal with sufficient dynamic range we 

recorded ΔA(t) after high-pass filtering (> 0.2 Hz) with a high-gain setting (500x) and then 

divided this ΔA(t) recorded at each diode to its absolute light level (Amax) that was recorded 

in a low gain setting after the transition from light-off to light-on. We assume that ΔA(t)/A is 

well approximated by ΔA(t)/Amax. Amax was repeatedly determined to check and correct 

for possible signal degradation over the time period of the recording. 

VSD data analysis. Analysis of the data was performed using custom-made software in 

MATLAB (MathWorks, Natick, MA). Diode channels recording the deep layers of the PER and 

LEC were selected and averaged for further analysis (Figure 3 A, first snapshot). Recordings 

of the evoked responses at a 500 µA stimulus, were averaged over at least three artifact-

free, consecutively acquired realizations. Instrumentation offset, determined by the mean 

ΔA/Amax over a 100 ms time window before the stimulus, was subtracted from each 

recording. Furthermore, the recordings were filtered in space with a 2D Gaussian filter with 

a kernel width of one inter-diode distance (approximately 150 µm) and filtered in time using 

a running average filter with a window size of 5 ms. Positive VSD signals mainly reflect the 

dendritic depolarization of neurons (Chemla and Chavane 2010). We restricted the analysis 

in this study to the first positive reflection that was present after stimulation in all of our 

experiments. This positive reflection is hereafter referred to as ‘the response’. The 

https://paperpile.com/c/O6UHzM/fm57t
https://paperpile.com/c/O6UHzM/bfO1
https://paperpile.com/c/O6UHzM/jBRYM
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undershoot following this initial response, probably as a result of a change in intrinsic 

properties of the slice after activity, was not further analyzed (Shoham et al. 1999). 

Whole cell recordings in principal neurons. In total 46 principal neurons were recorded in 

the PER and LEC deep layers. The localization of the PER and LEC in our slice preparation was 

based on the mouse brain atlas (Paxinos and Franklin 2001). Patch pipettes were pulled using 

micropipette puller model P-87 (Sutter Instrument, Novato, CA) and had a resistance of 3-5 

MΩ. Whole-cell recordings were performed using an intracellular solution containing (in 

mM): 131.25 K-gluconate, 8.75 KCl, 10 HEPES, 0.5 EGTA, 4 MgATP, 0.4 Na2GTP, pH adjusted 

to 7.4, 295 - 300 mOsmol. 1% biocytin (Sigma-Aldrich, Saint Louis, MO) was added to the 

intracellular solution for post hoc visualization and morphological identification of the 

recorded neuron. During the recordings, slices were perfused with ACSF of 30˚C at a rate of 

2 mL/min. Deep layer PER and LEC principal neurons were selected based on large soma size 

using a Scientifica SliceScope Pro 6000 (Scientifica, Uckfield, UK). Whole-cell recordings were 

made using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), filtered at 10 

kHz, sampled at 100 kHz and digitized using a NI DAQ usb-6259 (National Instruments, Austin, 

TX). Software for data-acquisition was custom made in MATLAB. All voltage signals were 

corrected online for a -14 mV junction potential. Principal neurons were approached with 

slight positive pressure on the pipette and when pressure was released the pipet-cell contact 

had to reach a seal of 1 GΩ before break in. Immediately after break in, the resting membrane 

potential was recorded in current clamp at a 0 pA holding current. Access resistance was 

compensated for at least 50 – 60% and recordings with an access resistance higher than 20 

MΩ or with more than 25% change during the recording were discarded. 

Decomposition of stimulus evoked synaptic conductances in principal neurons. The 

evoked synaptic response in a neuron contains components that originate from excitatory 

and inhibitory synapses. As blocking some of these components with pharmaceuticals will 

affect all responses in the network, we linearly decomposed the current of principal neurons 

into two underlying components based on their different reversal potential. The post-

synaptic cell was clamped at potentials between -90 mV and -50 mV, while evoking the same, 

voltage-independent, synaptic conductance. After subtraction of the stimulus independent 

background current, this results in a membrane current that contains the excitatory synaptic 

current and the inhibitory synaptic current: 

https://paperpile.com/c/O6UHzM/vDI9h
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𝐼𝑚(𝑡) = 𝐼𝑒𝑥𝑐(𝑡) + 𝐼𝑖𝑛ℎ(𝑡) 

These currents are the result of the excitatory and the inhibitory synaptic conductances 

(Gexc(t) and Ginh(t)) and their respective driving forces: the differences between membrane 

voltage Vm and the reversal potentials (Eexc and Einh): 

𝐼𝑚(𝑡) =  𝐺𝑒𝑥𝑐(𝑡) ∗ (𝑉𝑚(𝑡) − 𝐸𝑒𝑥𝑐) + 𝐺𝑖𝑛ℎ(𝑡) ∗ (𝑉𝑚(𝑡) − 𝐸𝑖𝑛ℎ) 

The instantaneous relation between membrane current and membrane voltage at each 

moment in time, can be characterized as: 

𝐼𝑚 = (𝐺𝑒𝑥𝑐 + 𝐺𝑖𝑛ℎ) ∗ 𝑉𝑚 − (𝐺𝑒𝑥𝑐 ∗ 𝐸𝑒𝑥𝑐 + 𝐺𝑖𝑛ℎ ∗ 𝐸𝑖𝑛ℎ) 

The last equation is the linear I/V relation Im = a * Vm + b, which can be calculated at each 

moment in time and from which the time varying conductances can now be constructed: 

    𝐺𝑖𝑛ℎ(𝑡) = (𝑏(𝑡) + 𝑎(𝑡) ∗ 𝐸𝑒𝑥𝑐)/(𝐸𝑒𝑥𝑐 − 𝐸𝑖𝑛ℎ) 

    𝐺𝑒𝑥𝑐(𝑡) = (𝑎(𝑡) − 𝐺𝑖𝑛ℎ(𝑡)) 

We performed this calculation for 100 ms after the stimulus and with 0.1 ms time 

resolution. If there are only glutamatergic and GABAAergic synapses activated and we have 

exact knowledge of their (time-invariant) reversal potentials (0 mV respectively -70 mV, 

Purves et al. 2001; Melzer et al. 2012; Willems et al. 2018), Gexc and Ginh describe the time 

course of the stimulus evoked synaptic conductances in the cell. The conductances induced 

by stimulation were averaged over three repetitions. 

The instantaneous relation between the Gexc and Ginh can be examined by calculating the 

excitability ratio (Eratio(t)) at every moment in time after the stimulus: 

𝐸𝑟𝑎𝑡𝑖𝑜(𝑡) = (𝐺𝑒𝑥𝑐 + 𝐺𝑚)/(𝐺𝑖𝑛ℎ + 𝐺𝑚) 

The membrane conductance (Gm) of the cell was determined as the inverse of the passive 

membrane resistance recorded in voltage clamp (Table 1). The membrane conductance was 

added to the synaptic conductance to prevent a division by 0. 

Paired whole cell recordings of principal neurons and PV interneurons. PV expressing 

interneurons in the PER and LEC network were identified using transgenic mice conditionally 

expressing yellow fluorescent protein (YFP) driven by the PV promotor dependent cre-

recombinase expression. YFP was excited at  470 nm using LED illumination light source (PE-

100,CoolLed Ltd., Andover, UK) and a 479 ± 40 nm emission filter (Thorlabs Inc., Newton NJ). 

Paired whole-cell recordings of one PV interneuron and one principal neuron were 

performed with a maximal inter-soma distance of 200 µm. The firing properties of the cells 

https://paperpile.com/c/O6UHzM/XuePt+sVqei+VjB3x


 

 

 

124 

were recorded by injecting a membrane current that set the membrane voltage from -100 

to -30 mV in steps of 5-10 mV. Next, we addressed the stimulus-evoked synaptic current in 

voltage clamp (-70 mV) and action potential firing in current clamp in response to AiP or LA 

stimulation in both principal neuron and PV interneuron. The maximum stimulus intensity 

was 793 ± 64 µA for AiP stimulation and 967 ± 33 µA for LA stimulation, we adjusted the 

stimulation intensity based on the response of the principal neuron.  

Data analysis of the whole cell recordings. Response detection was performed using 

MATLAB. The response was detected when the signal exceeded 8 times the baseline 

standard deviation, within 75 ms after the stimulus was applied. If a response was detected 

the latency and the peak of the response were determined. The latency was determined as 

the time between the point where the stimulus was applied and the response was detected. 

The peak of the response was characterized as the maximum amplitude after the onset 

latency. The peak and peak time of the action potentials were determined using MATLAB 

(peakdet function; Borges 2015), to address the presence and rate of action potential firing. 

Fitting the DUO responses to analyze summation of synaptic responses. To estimate the 

summation of responses when the AiP and LA were simultaneously stimulated (in this paper 

referred to as DUO stimulation), we took the arithmetic sum of the individual AiP and LA 

response and fitted this summed response onto the DUO response: DUO = α * (AiP + LA). 

The responses were weighted by an exponential curve, with a time constant of 20 ms, to 

ensure that the weight of the fit was stronger in the first 40 ms of the response. The fit was 

performed using a linear regression model in MATLAB (lsqnonneg function). This fit revealed 

a scaling factor α, indicating how the arithmetically summed AiP and LA response had to be 

scaled to configure the DUO response. If this scaling is more than 1, the synaptic responses 

after DUO stimulation summated super-linearly. If the scaling factor is 1, the synaptic 

responses after DUO stimulation summated linearly and if the scaling factor is smaller than 

1, the synaptic responses after DUO stimulation summated sub-linearly. 

Statistics. All values are reported as mean and standard error of the mean (SEM). 

Statistical analysis was performed using MATLAB or Prism 6 (Graphpad Software Inc., La Jolla, 

CA). Unless otherwise mentioned, pairwise comparisons were made using Student's t-test. 

P<0.05 was assumed to reject the null hypothesis. The Pearson’s coefficient test was used to 

characterize the skewness of distributions.  

https://paperpile.com/c/O6UHzM/SF0X
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Results 

Principal neurons in the PER-LEC network receive synaptic input from the AiP as well as the LA 

It has been previously described that the AiP and LA can evoke neuronal activity in the 

PER-LEC network (Willems et al. 2016). To examine whether principal neurons are recruited 

by the AiP or LA, we electrically stimulated the superficial layers of the AiP and the LA in 

Figure 1. Evoked synaptic responses in principal neurons after AiP and LA stimulation. A. Schematic overview of 
the horizontal slice preparation. Top: lateral view of the mouse brain, the dotted line indicates the horizontal 
slice cut. Bottom: overview of a horizontal slice with the placement of the AiP (blue) and LA (red) stimulus 
electrode. B. Typical example of synaptic responses to 5 increasing stimulus intensities in the AiP (blue) and LA 
(red) in a deep layer principal neuron, scale bars: 400 pA, 5 ms. C. Example input-output curve of the synaptic 
currents in the neuron showed in B. Errorbars represent SEM over three consecutive repeats. The triangle 
indicates the moment of stimulation. D. Typical example of an evoked postsynaptic potential after AiP 
stimulation in a principal neuron, inset shows the action potential firing evoked by current injection, scale bars: 
25 mV, 250 ms. E-F. Typical example of an evoked postsynaptic potential after LA stimulation (E) and DUO 
stimulation (F) in the same principal neuron as in D. G. The mean evoked postsynaptic potential peak amplitude 
of all neurons recorded (n = 31). 
Abbreviations: D, dorsal; C, caudal; V, ventral; R, rostral; L, lateral; M, medial; AiP, agranular insular cortex; LA, 
lateral amygdala; PER, perirhinal cortex; LEC, entorhinal cortex. 
 

https://paperpile.com/c/O6UHzM/lApbd
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horizontal mouse brain slices (Figure 1 A) while recording deep layer PER-LEC principal 

neurons. Only neurons responding to both individual AiP and LA stimulation were included 

for further analysis (31/46 neurons). The stimulus intensity evoking the maximum synaptic 

response was determined by stimulating at increasing stimulus intensities (Figure 1 B, C) and 

used for further experiments. The intensity evoking the maximum response was lower for 

AiP stimulation (727 ± 40 µA) compared to LA stimulation (930 ± 61 µA, p = 0.004). 

The 31 principal neurons in the PER-LEC deep layer principal neurons received synaptic 

input upon stimulation of either the AiP or LA had an average resting membrane potential of 

-62.8 ± 0.8 mV. Current injections at increasing intensities revealed the spike threshold of 

the recorded principal neurons, resulting in an average spike threshold of -37.3 ± 0.7 mV 

(Table 1, Figure 1 D inset). Individual AiP and LA stimulation evoked postsynaptic potentials 

(PSPs) in principal neurons (Figure 1 D, E). The evoked PSPs had a larger amplitude after AiP 

stimulation (6.4 ± 0.8 mV), compared to LA stimulus induced PSPs (2.6 ± 0.5 mV, p <0.0001; 

Figure 1 D, E, G). Although both AiP and LA inputs evoked PSPs after a single pulse stimulus, 

the threshold for action potential firing was not reached in the recorded deep layer principal 

neurons in these slice conditions. 

Table 1. Intrinsic properties of principal neurons and PV interneurons 

Property 
Principal neurons 
(n = 30) 

PV interneurons 
(n = 25) 

RMP (mV) -62.8 ± 0.8 -65.9 ± 0.8 

Input resistance (MΩ) 111 ± 8 104 ± 9 

Capacitance (pF) 21.4 ± 2.43 14.3 ± 1.97 

Sag (mV) -2.1 ± 0.3 -0.2 ± 0.1 

Time to first AP (ms) 65 ± 7 24 ± 6 

AP threshold (mV) -37.3 ± 0.7 -36.1 ± 0.9 

Current injection (pA)1 165 ± 17 251 ± 17 

AP amplitude (mV) 107.1 ± 2.0 76.7 ± 1.1 

AHP amplitude (mV)2 8.3 ± 1.0 31.1 ± 0.9 

Spike half width (ms) 0.91 ± 0.03 0.49 ± 0.01 

Mean firing frequency (Hz) 10.3 ± 0.6 38.1 ± 2.6 

 
All values are mean ± SEM. All values are measured at the current step above threshold. 
1 Current injection is the amplitude of the injected current evoking action potential firing 
2 AHP amplitude is measured from threshold to maximal afterhyperpolarization 
Abbreviations: PV, parvalbumin; RMP, resting membrane potential; AP, action potential; AHP, afterhyperpolarization. 
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These results indicate that the AiP and LA are able to evoke synaptic input in the same 

principal neurons the PER-LEC network, although no spikes were generated under these 

conditions. The interplay between evoked excitation and inhibition could well play a role in 

the absence of principal neuron firing. 

 

Individual AiP and LA stimulus evoked synaptic input consists of a small excitatory and large 

inhibitory conductance 

Next we investigated the excitatory and inhibitory input received by principal neurons in 

response to individual AiP and LA stimulation. The synaptic responses discussed above 

(Figure 1 B, C) were recorded at a membrane potential of -70 mV, which is at the reversal 

potential for chloride, hence stimulus evoked GABAA mediated inhibition cannot be recorded 

Figure 2. Evoked synaptic conductances in principal neurons after AiP or LA stimulation. A. Example traces of 
the evoked Gexc (top) and Ginh (bottom) after AiP and LA stimulation. Inset shows the evoked synaptic current 
at 5 holding potentials (-90 to -50 mV), scale bars: 500 pA, 10 ms. The triangle indicates the moment of 
stimulation. B. Latency of the Gexc (top) and Ginh (bottom) evoked by AiP and LA stimulation, lines indicate the 
neurons recorded. C. The peak amplitude of the evoked Gexc (top) and Ginh (bottom) after AiP or LA stimulation. 
D-E. Ginh-Gexc relationship of the response latency (D) and peak amplitude (E) after AiP (blue) and LA (red) 
stimulation. 
Abbreviations: AiP, agranular insular cortex; LA, lateral amygdala; Gexc, excitatory conductance; Ginh, inhibitory 
conductance. 
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at this potential. We therefore recorded the synaptic response at various holding potentials, 

to further analyze the recruitment of the inhibitory and excitatory network by individual AiP 

and LA input. The evoked synaptic conductance was decomposed into the excitatory (Gexc) 

and inhibitory conductance (Ginh) in 18 principal neurons. The latency of the LA stimulation 

evoked Gexc (5.55 ± 0.50 ms) and Ginh (6.72 ± 0.82 ms) was comparable to the AiP stimulus 

evoked Gexc (5.95 ± 0.52 ms, n.s.; Figure 2 A, B top) and Ginh (7.67 ± 0.94 ms, n.s.; Figure 2 A, 

B bottom). 

The excitation was evoked before inhibition as the Gexc preceded the Ginh by 1.7 ± 0.7 ms 

after AiP stimulation (p = 0.02) but was evoked simultaneously after LA stimulation (Figure 2 

D). Furthermore, both peak Gexc (AiP: 2.94 ± 0.56 nS, LA: 0.75 ± 0.1 nS, p = 0.0022; Figure 2 C 

top) and peak Ginh (AiP: 8.89 ± 1.93 nS, LA: 3.22 ± 0.63 nS, p = 0.0218; Figure 2 C bottom) 

were larger for the AiP stimulus evoked responses, compared to the LA. The peak G inh was 

larger than the peak Gexc after both AiP and LA stimulation (AiP: p=0.0019; LA: p<0.0001; 

Figure 2 E). 

This data shows that deep layer PER-LEC principal neurons receive input from both AiP 

and LA, which consists of a small excitatory and large inhibitory conductance, with 

comparable timing. 

 

Network responses after simultaneous AiP and LA stimulation 

Since deep layer principal neurons receive significant synaptic input from the AiP as well 

as the LA, we expect that these inputs summate in the PER-LEC network. To address this 

hypothesis, we stimulated the AiP and the LA simultaneously (referred to as DUO) and 

recorded PER-LEC network activation. We performed voltage sensitive dye recordings of 

evoked neuronal activity after AiP, LA or simultaneous AiP and LA electrical stimulation on 

seven acute horizontal mouse brain slices (Figure 3 A) to address the interaction of neuronal 

activity in the PER-LEC network. We found that the DUO stimulation with an electrical 

stimulus of 500 µA did not alter the peak amplitude of the evoked network response, 

compared to individual AiP stimulation (AiP: 0.0741 ± 0.0038, DUO: 0.0736 ± 0.0051, n.s.; 

Figure 3 A, B). This data indicates that the simultaneously presented synaptic input from the 

AiP and LA does not evoke increased neuronal activity at the network level. 
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Furthermore, when we examined the changes in membrane voltage at the single neuron 

level, we found that the amplitude of the PSPs evoked by DUO stimulation (6.2 ± 0.9 mV, 

Figure 1 F), had an amplitude comparable to the AiP stimulus evoked responses (6.4 ± 0.8 

mV, n.s.; Figure 1 D, F, G). DUO stimulation also did not lead to a PSP that reached action 

potential firing threshold under the conditions of these experiments. 

Although simultaneous stimulation of the AiP and LA does not alter total network 

response, the question still remains how these synaptic inputs interact and how the interplay 

between excitation and inhibition can be altered at the neuronal level in the PER-LEC. 

 

Summation of AiP and LA synaptic conductances in the PER-LEC principal neurons 

To investigate the effect of DUO stimulation on the synaptic input in principal neurons, 

we recorded evoked synaptic conductances and compared this with the arithmetic sum of 

the individual responses. We examined the evoked Gexc (Figure 4 A) and Ginh (Figure 4 C) after 

DUO stimulation in 18 principal neurons. To address the summation of synaptic inputs from 

the AiP and LA, we determined the scale factor needed to fit the arithmetic sum of the AiP 

Figure 3. Voltage sensitive dye (VSD) responses in the PER-EC network after AiP, LA and DUO stimulation. A. 
Typical example of a VSD response visualized as snapshots of the membrane voltage changes recorded at 
various points in time. Top row represents the VSD responses after AiP stimulation, the middle row after LA 
stimulation and de bottom row after simultaneous AiP and LA stimulation (DUO). The first snapshot in the top 
row shows the division of the PER (P) and LEC (L). B. Average and SEM of the evoked VSD responses from seven 
experiments in PER-LEC diodes (see P and L in A), evoked after AiP (blue), LA (red) or DUO (black) stimulation.  
The triangle indicates the moment of stimulation. 
Abbreviations: PER, perirhinal cortex; LEC, entorhinal cortex; AiP, agranular insular cortex; LA, lateral amygdala; 
DUO, simultaneous AiP and LA stimulation. 
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and LA individual responses onto the DUO response (see figure 4 A, B). We found that the 

scale factor for fitting the arithmetic sum of the AiP and LA evoked Gexc onto the DUO 

stimulus evoked Gexc was generally smaller than 1 (mean scale factor: 0.77 ± 0.04, Z-test with 

mean = 1 and SD = 0.1786: p < 0.0001; Figure 4 B), indicating that the arithmetic sum of the 

AiP and LA evoked excitation generally was larger than the response recorded at DUO 

stimulation. The distribution for the scale factor was slightly skewed to the left (Pearsons 

skewness coefficient = -0.0527). This effect was not due to saturation of responses, since the 

same effect was found when responses were evoked at 50% of the maximum stimulus 

intensity (Supplementary figure 1), indicating that the excitatory input scaled sub-linearly 

onto the principal neurons. 

Figure 4. Integration of AiP and LA stimulus evoked excitatory and inhibitory responses in principal neurons. A. 
Mean response of the evoked Gexc after AiP (blue), LA (red) and the simultaneous AiP and LA (DUO) stimulation 
(n = 18 neurons) and the sum of the AiP and LA Gexc (magenta, AiP + LA), with which the DUO Gexc is fitted. After 
fitting the DUO Gexc with the AiP+LA Gexc, the AiP+LA Gexc was multiplied by its scale factor of the fit in green 
(fitted), scale bars: 2 nS, 5 ms. The triangle indicates the moment of stimulation. B. Distribution of the scale 
factors calculated for the Gexc in all recorded principal neurons (in 0.1 bins). C. Mean response of the evoked 
Ginh after AiP (blue), LA (red) and the combined AiP and LA (DUO) stimulation (n = 18 neurons) and the sum of 
the AiP and LA Ginh (magenta, AiP + LA), with which the DUO Ginh is fitted. After fitting the DUO Ginh with the 
AiP+LA Ginh, the AiP+LA Ginh was multiplied by its scale factor of the fit in green (fitted). At the top, the black 
lines indicate the time points where the DUO evoked response was significantly (p<0.05) larger than the AiP 
evoked response, scale bars: 2 nS, 5 ms.D. Distribution of the scale factors calculated from the Ginh in all 
recorded principal neurons (in 0.1 bins). E. Representation of the mean excitability ratio after AiP (blue), LA 
(red) and DUO (black) stimulation (n = 18 neurons). At the top, the black lines indicate the timepoints where 
the DUO evoked response was significantly (p<0.05) smaller than the AiP evoked response. 
Abbreviations: AiP, agranular insular cortex; LA, lateral amygdala; DUO, simultaneous AiP and LA stimulation; 
Gexc, excitatory conductance; Ginh, inhibitory conductance. 
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For the DUO stimulation evoked inhibition (Figure 4 C, D) we found that in the time 

window around the peak Ginh, the DUO response was larger than the AiP evoked response 

when we compared the temporal pattern of the response at multiple time points (Figure 4 

C, p<0.05).  Moreover, the fit of the sum of the AiP and LA evoked responses was closer to 1 

(mean scale factor 0.94 ± 0.07, Z-test with mean = 1 and SD = 0.2785: n.s.; Figure 4 D), 

indicating that the inhibition summated linearly onto the deep layer PER-LEC principal 

neurons. The distribution was skewed to the right (Pearsons skewness coefficient = 0.5254). 

The weights for the excitation were smaller than for the inhibition (p = 0.0129), once more 

suggesting that input is more linearly summated in the local inhibitory network. 

To get an estimation of the development of the excitability over time, we calculated the 

excitability ratio (see methods). Figure 3 E shows the mean excitability ratio after AiP, LA and 

DUO stimulation. The period where the ratio was above 1 (Gexc > Ginh), the AiP and DUO 

response were comparable. When the ratio was smaller than 1 (Gexc < Ginh), the DUO 

response had a smaller excitability ratio (Figure 4 E, p<0.05), indicating that inhibition was 

relatively stronger after DUO stimulation, compared to AiP evoked inhibition. This data shows 

that synaptic input summates in the inhibitory response. Next, we investigated whether this 

evoked inhibition interacts in the interneurons in the local PER-LEC network. 

 

The inhibitory conductance is recruited in the local inhibitory network 

The large stimulus evoked inhibition in the recorded principal neurons by the AiP as well 

as the LA (Figure 2, 4) suggests the involvement of an inhibitory network. We addressed the 

origin of this inhibitory response, since it can consist of a direct, long range inhibitory 

connection as well as the recruitment of the local inhibitory network. To examine whether 

individual AiP and LA stimulation evoked inhibitory response was a result of local interneuron 

recruitment, we bath applied ACSF containing 20 mM CNQX and 10 mM APV to block the 

AMPA and NMDA receptor mediated excitatory input (n = 4, Figure 5). Besides blocking mono 

- and polysynaptic excitation, this procedure also prevents polysynaptic recruitment of 

interneurons in the local circuitry, only allowing possible monosynaptic, long range 

GABAergic projections from the AiP and LA to evoke an inhibitory response in principal 

neurons. We have shown before that the inhibitory response evoked by AiP stimulation is 

the result of recruitment of interneurons in the local PER-LEC network (Willems et al. 2018, 

https://paperpile.com/c/O6UHzM/VjB3x
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Figure 5 A). After obtaining the LA evoked conductances in vehicle ACSF (Figure 5 B left), we 

obtained the conductances while excitatory transmission was blocked (Figure 5 B right). This 

abolished both excitatory and inhibitory conductances, suggesting the absence of a direct 

inhibitory connection from the LA onto deep layer principal neurons in this mouse brain slice 

preparation like we have seen in the AiP (Willems et al. 2018). This implies that the inhibitory 

conductance evoked in PER-LEC deep layers by the AiP and LA input must originate from local 

inhibitory neurons. 

 

Individual AiP and LA synaptic input recruit PV interneurons in the PER-LEC network 

Since the inhibition activated in principal neurons is originating from the local interneuron 

network, it is expected that local PV interneurons receive AiP and LA input which they convert 

into action potential firing. 

We recorded the synaptic response of PV interneurons to individual AiP or LA stimulation 

in the PER-LEC deep layers. In total 30/30 PV interneurons responded to AiP stimulation and 

25/30 PV interneurons responded to LA stimulation. Only neurons responding to both 

synaptic stimuli were included for further analysis (n = 25). The stimulus intensity evoking 

the maximum synaptic response was determined by stimulating at increasing stimulus 

intensities (figure 6 A, B) and used for further experiments. The intensity evoking the 

maximum response was lower for AiP stimulation (708 ± 51 µA) compared to LA stimulation 

Figure 5. Inhibitory conductance 
originates from the local inhibitory 
network. A-B. Typical example of the 
excitatory (Gexc) and inhibitory 
conductance (Ginh) evoked by AiP (A) 
and LA (B) stimulation before (left) 
and after (right) CNQX-APV 
application (n = 4), scale bars A: 0.5 
nS, 25 ms, scale bars B: 2 nS, 25 ms. 
The triangle indicates the moment of 
stimulation. 
Abbreviations: AiP, agranular insular 
cortex; LA, lateral amygdala; Gexc, 
excitatory conductance; Ginh, 
inhibitory conductance. 
 

https://paperpile.com/c/O6UHzM/VjB3x
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(900 ± 33 µA, p = 0.00015). The latency of the LA and AiP response was comparable (AiP 7.1 

± 0.5 ms; LA 6.6 ± 1.0 ms, n.s.; Figure 6 C, D). The LA response peak amplitude (322 ± 53 pA) 

was smaller than after AiP stimulation (1416 ± 230 pA, p<0.0001; Figure 6 C, E). 

Figure 6. Evoked responses in PV interneurons after AiP or LA stimulation. A. Typical example of evoked 
postsynaptic currents after AiP (blue) or LA (red) stimulation at increasing stimulus intensities, scale bars: 3000 
pA, 10 ms. The triangle indicates the moment of stimulation. B. Typical input-output curve of the response 
peak amplitude after increasing stimulus intensities in the AiP (blue) or LA (red). C. Typical example of evoked 
postsynaptic currents after AiP (blue) or LA (red) maximal stimulation (thin lines are three consecutive 
recordings, thick line shows the mean), scale bars: 500 pA, 10 ms. D. The latency of the evoked synaptic current 
after AiP or LA stimulation (n = 25). E. The peak amplitude of the evoked synaptic current after AiP or LA 
stimulation. F. Typical example of the action potential firing of a PV interneuron evoked by injecting increasing 
currents, scale bars: 25 mV, 250 ms. G - H. Top: rasterplot of the evoked action potentials, bottom: evoked 
postsynaptic potentials and action potential firing after AiP (G) or LA (H) stimulation, scale bars: 50 mV, 10 ms. 
I. Temporal distribution of the spike density evoked in the recorded population of interneurons (n = 30), after 
AiP (blue) or LA (red) stimulation, in 1 ms bins. 
Abbreviations: PV, parvalbumin interneuron; AiP, agranular insular cortex; LA, lateral amygdala. 
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To examine whether the stimulus evoked synaptic input resulted in action potential firing 

in the recorded set of PV interneurons, we recorded 30 PV interneurons in current clamp 

while stimulating the individual AiP or LA. The recorded PV interneurons had a resting 

membrane potential of -65.9 ± 0.8 mV on average (Table 1). Current injections at increasing 

intensities revealed an average spike threshold of of -36.1 ± 0.9 mV in the recorded PV 

interneurons (Table 1, Figure 6 F). 

In total 20 out of 30 PV interneurons fired action potentials after AiP stimulation (Figure 

6 G, I) while LA stimulation evoked firing in only 8 out of 30 PV interneurons (Figure 6 H, I). 

In total, AiP evoked more spikes than the LA (AiP 147 spikes vs LA 22 spikes; Figure 6 I). The 

number of spikes in the recorded population of PV interneurons was largest in the first 10 to 

20 ms after the stimulus (Figure 6 G-I). 

In conclusion, both AiP and LA recruit the PER-LEC deep layer PV interneuron population. 

These interneurons show action potential firing upon stimulation which evokes inhibition in 

the local network principal neurons. 

 

PV interneurons in the local PER-LEC network are receive direct synaptic input after individual 

AiP and LA stimulation 

We hypothesized that PV interneurons are directly recruited after individual AiP or LA 

stimulation. Therefore, we compared the timing of recruitment of PV interneurons and 

principal neurons in 16 recordings of principal neuron – PV interneuron pairs. In total 5/16 

recorded pairs showed connectivity (4 principal to PV connections and 2 PV to principal 

connections, Figure 7 A, B). 

The AiP and LA were stimulated at an average stimulus intensity of 794 ± 61 µA and 956 

± 34 µA, respectively. Consistent with earlier findings, the AiP stimulus evoked synaptic 

responses in PV interneurons had a smaller latency than in principal neurons (p= 0.0091; 

Figure 7 C, D; Willems et al. 2018). When the LA was stimulated, the evoked responses also 

arose slightly later in the principal neurons compared to the PV interneurons (Figure 7 F, G, 

p = 0.0392). The peak amplitude of the response after individual AiP and LA stimulation was 

larger in the PV interneurons compared to the principal neurons (Figure 7 E, H; AiP: p = 0.027, 

LA: p = 0.0357). 

https://paperpile.com/c/O6UHzM/VjB3x
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In conclusion, PV interneurons within the PER-LEC network receive synaptic input slightly 

earlier than principal neurons after individual AiP and LA stimulation. This, together with the 

absence of principal neuron firing in response to stimulation and the absence of inhibitory 

Figure 7. Comparison of evoked postsynaptic currents in principal neuron - PV interneuron pairs. A-B. Typical 
examples of a PrN - PV connected pair. A shows the PrN to PV connection and B shows the PV to PrN 
connection, scale bars: 100 ms, 50 mV (top), 50 pA (bottom). C. Mean response of evoked postsynaptic 
currents in a principal neuron (black) and a PV interneuron (red) after AiP stimulation, scale bars: 10 ms, 200 
pA. The triangle indicates the moment of stimulation. D-E. Comparison of the latency (D) and peak amplitude 
(E) of the synaptic responses in principal neurons and PV interneurons after AiP stimulation (n = 16). F. Mean 
response of evoked postsynaptic currents in a principal neuron (black) and a PV interneuron (red) after LA 
stimulation, scale bars: 10 ms, 50 pA. G-H. Comparison of the latency (G) and peak amplitude (H) of the synaptic 
responses in principal neurons and PV interneurons after LA stimulation. 
Abbreviations: PV, parvalbumin interneuron; PrN, principal neuron; AiP, agranular insular cortex; LA, lateral 
amygdala. 
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input when glutamatergic input is blocked, suggests that direct activation of PV interneurons 

results in recruitment of inhibition in a feedforward manner. 

 

Summation of AiP and LA responses in the PER-LEC PV interneurons 

The finding that AiP and LA simultaneous stimulation leads to summation of inhibitory 

conductance in principal neurons (Figure 4) together with the finding that PV interneurons 

are recruited after individual AiP or LA stimulation (Figure 7), led to the hypothesis that 

simultaneous stimulation of the AiP and LA would summate the evoked responses in the local 

PV interneurons. 

To address this hypothesis, we recorded the evoked responses at a membrane potential 

of -70 mV after AiP, LA and DUO stimulation in 28 PV interneurons. Figure 8 A shows example 

traces of the AiP, LA and DUO evoked responses in a single recorded PV interneuron. We 

fitted the DUO response with the arithmetic sum of the AiP and LA evoked response (Figure 

8 B) and the scaling factor was defined to fit the DUO by the arithmetically summed 

responses (Figure 8 C). We found that the simultaneously evoked synaptic responses in most 

of the PV interneurons were able to nearly linearly summate, with a mean scale factor of 

0.91 ± 0.03 (Z-test with mean = 1 and SD = 0.1625: p = 0.0035; Figure 8 C). The distribution 

was skewed to the left (Pearsons skewness coefficient = -0.2671). Interestingly, the scaling 

Figure 8. Summation of AiP and LA responses in PV interneurons. A. Typical response of the evoked 
postsynaptic currents after AiP (blue), LA (red) and the combined AiP and LA (DUO, black) stimulation (thin 
lines are three consecutive recordings, thick line shows the mean), scale bars: 500 pA, 5 ms. The triangle 
indicates the moment of stimulation. B. Same typical example as in A, including the sum of the AiP and LA 
response (magenta, AiP + LA), with which the DUO response is fitted. After fitting the DUO response with 
the AiP+LA response, we plotted the AiP+LA response multiplied by its scale factor of the fit in green (fitted), 
scale bars: 500 pA, 5 ms. C. Distribution of the scale factors calculated from the responses in all recorded 
PV interneurons (in 0.1 bins, n = 28).  
Abbreviations: PV, parvalbumin; AiP, agranular insular cortex; LA, lateral amygdala; DUO, simultaneous AiP 
and LA stimulation. 
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factor was comparable to the summation we found in the inhibitory conductance evoked in 

principal neurons (Figure 4). 

Since the synaptic responses were recorded at the reversal potential for inhibition, this 

data suggests that PV interneurons accumulate excitatory synaptic input from the AiP and 

LA. It is therefore expected that simultaneous input from the AiP and LA changes the firing 

pattern of PV interneurons and hereby alter the inhibitory conductance evoked in principal 

neurons. 

 

Altered PV interneuron firing induces an inhibitory conductance shift in principal neurons after 

simultaneous AiP and LA stimulation 

We found that principal neurons do not fire in response to DUO stimulation, which could 

be explained by the increase of the inhibitory input after DUO stimulation and the sub-linear 

summation of the excitatory input in principal neurons. Additionally, the responses of the AiP 

and LA were linearly summated after the DUO stimulation in the PV interneuron, indicating 

that the interneurons would receive a larger excitatory synaptic input after DUO stimulation. 

Next, we addressed whether the interneuron population also showed a different firing 

pattern in response to DUO stimulation. 

We recorded 30 PV interneurons in current clamp and stimulated the AiP, LA or DUO 

(Figure 9 A). In total 19 out of 30 PV interneurons showed evoked postsynaptic potentials 

after all three stimuli and were included for further analysis. Although LA stimulation evoked 

less action potentials than AiP stimulation in each neuron (AiP: 2.2 ± 0.5 action potentials, 

LA: 0.3 ± 0.1 action potentials, p = 0.0022; Figure 9 B), DUO stimulation evoked the same 

number of action potentials as AiP stimulation (DUO: 2.1 ± 0.5 action potentials; Figure 9 B). 

Considering the temporal distribution of spikes in the population of recorded neurons 

revealed that after DUO stimulation, the bulk of the spikes was fired slightly earlier than after 

AiP stimulation (Figure 9 C). We indeed found that the latency of the evoked postsynaptic 

potential was shorter for the DUO stimulus (4.9 ± 0.2 ms) compared to AiP stimulation (6.1 

± 0.4 ms, p = 0.0062; Figure 9 D). This shifted the first evoked spike forward after DUO 

stimulation (8.3 ± 0.5 ms), compared to the AiP stimulus (10.2 ± 1.3 ms, p = 0.0225; Figure 9 

E). LA stimulation led to earlier occurrence of the first PV spike as well (6.8 ± 0.3 ms, p = 
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0.0333) compared to AiP evoked spikes, likely due to the shorter time between the latency 

of the response and the first spike (AiP: 4.6 ± 1.1 ms, LA 2.8 ± 0.2 ms, p = 0.427; Figure 9 F). 

As the first spike of the PV interneurons shifts forward after DUO stimulation, we expect 

to see a forward shift of the evoked Ginh after DUO stimulation in the principal neurons. To 

address this, we determined the latency of the Ginh in principal neurons and found a forward 

shift of the Ginh latency after DUO stimulation (6.1 ± 0.4 ms), when compared to AiP evoked 

Ginh latency (7.6 ± 0.7 ms, p = 0.035; Figure 9 G, H). 

This data suggests that the PV interneurons are recruited faster after simultaneous 

stimulation of the AiP and LA, resulting in fast acting inhibition in the PER-LEC network when 

AiP and LA synaptic input are both activated. 

 

Figure 9. PV interneuron evoked spike patterns after AiP, LA or DUO stimulation. A. Typical example of a PV 
interneuron firing action potentials after AiP (blue), LA (red) or DUO (black) stimulation, scale bars: 25 mV, 10 
ms. The triangle indicates the moment of stimulation. B. Average number of evoked action potentials after 
stimulation in the PV interneuron population responding to input with action potential firing in at least one 
stimulus paradigm. C. Temporal distribution of the number of spikes evoked in PV interneurons every 
millisecond after AiP, LA or DUO stimulation (thick line shows the mean, shading represents the SEM of 3 
consecutive repeats). D-F. Comparison of the PSP latency (D), peak time of the first evoked spike (E) and the 
time between the PSP latency and the evoked spike (F) after AiP, LA and DUO stimulation. G. Typical example 
of the AiP, LA and DUO evoked Ginh in a principal neuron, clearly showing the shift in the rise of the Ginh after 
DUO stimulation, scale bars: 5 nS, 5 ms. H. The latency of the Ginh recorded in principal neurons after AiP, LA 
of DUO stimulation. 
Abbreviations: PV, parvalbumin; AiP, agranular insular cortex; LA, lateral amygdala; DUO, simultaneous AiP and 
LA stimulation; Ginh, inhibitory conductance. 
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Discussion 

Emotional enhancement of information processing by the amygdala is an important 

aspect of the memory system. How the amygdala interacts with the neuronal population in 

the PER and LEC parts of the memory system is however not yet clear. This study was 

designed to determine how neocortical and amygdalar synaptic inputs integrate on the 

neuronal level in the PER-LEC excitatory and inhibitory network. The results revealed that 

synaptic input from the neocortical AiP and LA mainly increase the role of the inhibitory 

control in the PER-LEC network. 

  

AiP and LA both have synaptic connections with the deep PER-LEC principal neurons and PV 

interneurons. 

This study showed that both the AiP and LA synaptically project to overlapping 

populations of principal neurons and PV interneurons in the PER-LEC deep layers. It is already 

known that the AiP efferents structurally target the PER-LEC network (Mathiasen et al. 2015). 

Moreover, inhibitory and excitatory responses are evoked in principal neurons if the AiP is 

electrically stimulated (Willems et al. 2018). Anatomical studies showed that the LA projects 

to both superficial and deep layers of the PER and LEC (Pitkänen et al. 2000; Sparta et al. 

2014). If the inhibition in the network is slightly released in an in vitro situation, the PER-LEC 

network can be recruited by electrical stimulation of the LA (Kajiwara et al. 2003; 

Koganezawa et al. 2008; Willems et al. 2016). 

The responses evoked in the deep layers of PER-LEC by individual stimulation of AiP and 

LA differed in amplitude. The LA-evoked responses were smaller compared to the AiP-evoked 

responses in the principal neurons as well as in the PV interneurons. This can be explained 

by earlier findings showing that the connectivity between the LA and the PER is less dense 

compared to connectivity between the neocortex and the PER (Pelletier and Paré 2002; 

Pelletier et al. 2004, 2005). 

The responses in the principal neurons from individual AiP and LA both consisted of a 

small excitatory and a larger inhibitory conductance. The excitatory component arose with a 

short latency after stimulation, suggesting that the projections from the AiP as well as the LA 

are at least partially monosynaptic (Pitkänen et al. 2000; Pikkarainen and Pitkänen 2001; 
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Mathiasen et al. 2015). The excitation component was followed by an inhibitory conductance 

within 1.7 ms in PER-LEC deep layer principal neurons after AiP or LA stimulation, which is in 

the range of disynaptic feedforward inhibition found both in vitro and in vivo (Gabernet et al. 

2005). As the inhibitory input only arrived slightly later at the principal neurons, this could 

prevent the principal neurons from reaching their firing threshold (Bruno 2011; McGarry and 

Carter 2016; Willems et al. 2018). 

The PV interneurons are considered the major source of inhibition in the PER-LEC 

network (Wouterlood et al. 1995) and they have been shown to contribute largely to the 

inhibition evoked by AiP synaptic input (Willems et al. 2018). This study showed that 

individual LA stimulation activated the PV interneurons of the deep layers of the PER-LEC as 

well, evoking fast, large synaptic responses and action potential firing upon activation. 

Moreover, the AiP and LA can activate the same population of PV neurons, implying that both 

pathways converge on the same PV interneurons from the PER-LEC network. 

The fact that both AiP and LA were able to evoke synaptic responses in the same principal 

neurons and PV interneurons, raises the question whether these inputs could interact on the 

same neurons in the deep layers of the PER-LEC network. 

  

Mechanism for interaction of AiP and LA inputs 

Classical multisensory integration studies have indicated that information across senses 

is integrated (Stein and Alex Meredith 1993). These studies showed that responses of a 

neuron can change upon stimulation of multiple sensory modalities: responses can summate 

superlinear (more than the arithmetic sum of single inputs), linear (equal to the arithmetic 

sum of single inputs) or sublinear (smaller than the arithmetic sum of single inputs) (Stein et 

al. 2009). In a possibly comparable way as cross sensory integration it is shown that the 

information from the amygdala and the neocortical areas can modulate the medial temporal 

lobe activity (including the PER and LEC) and therefore enhance memory performance of 

emotional stimuli in humans (Dolcos et al. 2004). To unravel the underlying mechanism of 

this increased performance, the current study investigated the interaction of AiP and LA 

synaptic responses in the excitatory and inhibitory PER-LEC cortex neurons. 

We first compared the interactive properties of the excitatory and inhibitory 

conductances (Gexc and Ginh) in principal neurons and found that the change in Gexc was 
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https://paperpile.com/c/O6UHzM/YUjLj
https://paperpile.com/c/O6UHzM/YUjLj
https://paperpile.com/c/O6UHzM/oOfT7+MhCsC+VjB3x
https://paperpile.com/c/O6UHzM/oOfT7+MhCsC+VjB3x
https://paperpile.com/c/O6UHzM/EtuNd
https://paperpile.com/c/O6UHzM/VjB3x
https://paperpile.com/c/O6UHzM/n7jtZ
https://paperpile.com/c/O6UHzM/vtGHO
https://paperpile.com/c/O6UHzM/vtGHO
https://paperpile.com/c/O6UHzM/neeM8


 

Chapter 5 

141 

summated sublinearly, while the Ginh summated linearly. In accordance with this, the 

synaptic input in PV interneurons summated linearly as well, although the output of the PV 

interneurons, assessed by the number of spikes, did not change. However, the first evoked 

spike in the PV interneurons shifts forward after simultaneous stimulation of AiP and LA. Two 

possible mechanisms could explain the differences of the integrative phenomenon between 

principal neurons and PV interneurons. 

The first explanation could be the difference in dendritic organization and functional 

properties between principal neurons and interneurons (Hu and Vervaeke 2017). The 

excitatory input onto PV interneurons is mainly processed via voltage dependent, calcium 

permeable AMPA receptors, making them more excitable upon the release of glutamate 

from the presynaptic terminals (Hu and Vervaeke 2017). This enables interneurons to be 

activated quickly and reliably, a key feature of a stable network. The dendrites of principal 

neurons contain more calcium impermeable AMPA receptors, making their synapses less 

excitable. This difference, together with other properties like increased membrane 

resistance and a different dendritic distribution of hyperpolarization-activated cyclic 

nucleotide–gated (HCN) channels, may ensue that the PV interneurons can linearly summate 

the synaptic input, while principal neurons cannot (Hu and Vervaeke 2017). Furthermore, 

entorhinal deep layer neurons extend their dendritic tree into layer II/III of the cortex (van 

Haeften et al. 2003), while the dendritic trees of PV interneurons are more confined. Inputs 

at these distal dendrites of principal neurons could propagate less reliably to the soma, 

resulting in smaller EPSPs and eventually less action potential firing. 

The second mechanism involves the role of feedforward inhibition. PV interneurons are 

known for their clustered somatic and axo-axonic projections pattern (Wouterlood et al. 

1995). The fact that the Gexc in principal neurons after simultaneous stimulation on average 

did not reach the arithmetic sum of individual AiP or LA stimulation, indicate either that the 

synaptic input in the network is saturated, or that inhibitory axo-axonic and presynaptic 

inhibition prevents the response to summate linearly. Three sources of inhibition could 

account for this fast inhibitory control of the simultaneous synaptic input: 1) direct inhibitory 

projections from the amygdala to the PER-LEC region (McDonald and Zaric 2015), 2) direct 

inhibitory projections from the AiP (Pinto et al. 2006) and 3) fast recruitment of PV 

interneurons in the local PER-LEC network. Although direct inhibitory projections from 
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neocortical areas and the amygdala have been shown, it is unlikely that we stimulated these 

inhibitory projections in our slice preparation, since complete blockade of glutamatergic 

transmission abolished the inhibitory responses after AiP (Willems et al. 2018) and LA 

stimulation. 

The resulting unique forward shift of the action potential seen in the PV interneurons in 

response to simultaneous stimulation could induce a faster feedforward inhibition. This 

inhibition creates only a small temporal window in which excitatory input from the AiP and 

LA can coincide to result in enhancement of the EPSP. This effect could be beneficial for 

synchronizing activity along the PER-LEC axis when the LA is active (Pouille and Scanziani 

2001). This fast feedforward inhibition, which is homogeneously recruited by a population of 

interneurons, can set the threshold for firing in principal neurons and therefore select only 

small neuronal populations to be involved in the neuronal processing (Shadlen and Newsome 

1998). Furthermore, it is known that interneurons can provide presynaptic inhibition of 

excitatory synapses in olfactory sensory neurons (McGann 2013), leading to decrease in 

excitatory responses recorded post-synaptically. However, whether pre-synaptic inhibition 

plays a role in the decrease of excitatory conductance after simultaneous stimulation of the 

AiP and LA in PER-LEC principal neurons still remains to be revealed. 

In conclusion, the inputs from the AiP and the LA into the deep layer neurons enhanced 

the temporal window of PV interneurons, resulting in a forward shift of inhibitory 

conductance evoked in principal neurons. This feature of the response interaction from the 

LA and AiP could therefore promote the efficacy of coincidence detection in the PER-LEC 

deep layer network (Pouille and Scanziani 2001; Hu and Vervaeke 2017). 

  

Functional implications 

The GABAergic system in the PER-LEC deep layers is described to function as a gate, 

coordinating and selecting inputs from different modalities and controlling the response of 

principal neurons (de Curtis and Paré 2004; Willems et al. 2018). The LA, a brain region 

involved in emotional memory processing (Dolcos et al. 2004), is hypothesized to facilitate 

information processing in the PER-LEC network (Koganezawa et al. 2008). 

In contrast, this study showed that simultaneous AiP and LA did not increase the 

excitability of principal neurons in the PER-LEC network, but regulates the inhibitory 
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interneuron population by shifting firing of PV interneurons forward while simultaneously 

stimulated with the AiP. This fast recruitment of feedforward inhibition possibly creates a 

narrow temporal window for gating AiP activity. These results are in line with to the role of 

amygdala activity in gating prefrontal cortex activity for emotional behavior, by recruiting 

strong feedforward inhibition in the local prefrontal cortex network (McGarry and Carter 

2016). Additionally it has been shown in the hippocampus that when incoming inputs fire at 

low frequencies, they sum sublinearly due to the recruitment of feedforward inhibition, 

whereas high frequencies sum superlinearly (Milstein et al. 2015). It is possible that the AiP 

and LA can cooperate the same way with the PER-LEC network, forming a high pass filter for 

synaptic activity processing. Especially PV interneurons are known to be involved in shaping 

oscillatory activity in cortical networks, allowing signal transmission through the network 

(Sohal et al. 2009). The LA could possibly affect the oscillatory activity of the PER-LEC network 

via the fast recruitment of feedforward inhibition, which can be important for encoding of 

information in the cortex (Puzerey and Galán 2014). 

These results converge to the conclusion that both principal neurons and PV interneurons 

in the PER-LEC deep layer network receive AiP as well as LA synaptic input. These inputs often 

coincide on the same neurons, allowing them to integrate at the single neuron level. As a 

result, the feedforward inhibition recruited by a single AiP input shifts forward when the LA 

is active simultaneously, which likely creates a narrow time window to synchronize activity 

travelling through the PER-LEC network. These findings indicate a significant role for the 

inhibitory network in regulating integration of emotion and information for processing in the 

PER-LEC deep layer network. 
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Supplementary figure 1. Fitting of the responses at 50% of the maximal stimulus intensity. A. 
Typical example of the evoked Gexc after AiP (blue), LA (red) and the simultaneous AiP and LA 
(DUO), and the sum of the AiP and LA Gexc (magenta, AiP + LA), with which the DUO Gexc is 
fitted. After fitting the DUO Gexc with the AiP+LA Gexc, the AiP+LA Gexc was multiplied by its 
scale factor of the fit in green (fitted), scale bars: 1 nS, 5 ms. The triangle indicates the moment 
of stimulation. B. Distribution of the scale factors for the Gexc at 50% maximal stimulus 
intensity (n = 16, 0.1 bins). C. Typical example of the evoked Ginh after AiP (blue), LA (red) and 
the simultaneous AiP and LA (DUO), and the sum of the AiP and LA Ginh (magenta, AiP + LA), 
with which the DUO Ginh is fitted. After fitting the DUO Ginh with the AiP+LA Ginh, the AiP+LA 
Ginh was multiplied by its scale factor of the fit in green (fitted), scale bars: 5 nS, 5 ms. D. 
Distribution of the scale factors for the Ginh at 50% maximal stimulus intensity (0.1 bins). 
Abbreviations: AiP, agranular insular cortex; LA, lateral amygdala; DUO, simultaneous AiP and 
LA stimulation; Gexc, excitatory conductance; Ginh, inhibitory conductance. 
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Main findings 

 

 

 

I. Cortical insular (AiP) as well as subcortical lateral amygdala (LA) input activates the PER-

LEC neural network, however in a different fashion. The LA activates neurons in the 

deep layers and the AiP input activates neurons in the superficial layers first. Once 

inhibition is slightly reduced, the activity spreads through the network (Chapter 2). 

 

II. AiP input is received by superficial and deep layer principal neurons and consists of a 

small excitatory and large inhibitory response which regulates neuronal output. PV 

interneurons in the local PER-LEC network are responsive to direct AiP input by action 

potential firing, creating a strong inhibitory response in principal neurons (chapter 3 

and 4). 

 

III. Superficial layer neurons are receive stronger synaptic input and are more responsive 

to AiP synaptic input than deep layer neurons, as they show more action potential firing 

in response to stronger synaptic input (chapter 4).  

 

IV. The timing and amplitude of the excitatory and inhibitory input is different in superficial 

and deep layer neurons, creating a net excitation which is more favorable for action 

potential firing in superficial than in deep layer neurons (chapter 4). 

 

V. The AiP and LA inputs interact mainly in the inhibitory network in the PER-LEC deep 

layers. Interaction of the AiP and LA inputs evokes earlier PV interneuron firing and the 

resulting inhibitory response in principal neurons is evoked earlier (chapter 5). 
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Figure 6.1. Schematic overview of the PER-LEC network examined in this thesis.  

Input from the neocortical agranular insular cortex (AiP) projects strongly onto superficial layer principal 

neurons (PrN) and the dendrites of deep layer principal neurons. The AiP also projects directly onto parvalbumin 

expressing (PV) interneurons in both layers, which provide the inhibition in principal neurons. The lateral 

amygdala (LA) projects directly onto deep layer principal neurons as well as PV interneurons, however the 

strength of the projection is less than for the AiP projection. 

The superficial layer neurons provide output in this network by responding to AiP input with action potential 

firing, whereas deep layer neurons remain silenced by inhibition. 



 

 

 

150 

   



 

Chapter 6 

151 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  he mechanism of information processing by the parahippocampal region is still largely 

unknown. The results in this dissertation answer the fundamental question how a subdivision 

of the parahippocampal region, the perirhinal (PER) and lateral entorhinal (LEC) cortex, 

handles incoming neuronal activity and how this activity can be modulated before 

transmission towards the hippocampus. I will discuss the aspects of information processing 

in the PER-LEC network as known from the literature and relate these findings to my own 

results. The emphasis will be on the synaptic input received by PER-LEC excitatory and 

inhibitory neurons and how these neurons respond to this input with action potential firing. 
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The perirhinal-entorhinal gate 

Functional connectivity in the PER-LEC network 

The PER-LEC network forms the main input-output structure for the hippocampus 

(Cappaert, Van Strien, & Witter, 2014). It is generally assumed that information travelling 

towards the hippocampus is mainly transmitted via the superficial layers of the PER-EC 

network (Ruth, Collier, & Routtenberg, 1988; Witter, 1993) and that the deep layers return 

the information from the hippocampus to the neocortical areas (Buzsáki, 1996; Canto, 

Wouterlood, & Witter, 2008). This input-output structure is crucial for memory formation 

since it has been shown that degeneration of the PER-LEC network results in early memory 

loss in Alzheimer’s patients (Krumm et al., 2016). Activity transfer through the PER-LEC 

network occurs with a low probability (Biella, Uva, & de Curtis, 2002; Pelletier, Apergis, & 

Paré, 2004; Willems, Wadman, & Cappaert, 2016), indicating that the PER-LEC network, 

instead of being a simple relay station, plays a role in the selection of relevant information 

for further hippocampal processing (de Curtis & Paré, 2004). The question however is, if the 

probability of activity transmission is low because the synaptic inputs are not sufficient to 

evoke action potential firing or if the generation of action potentials is hindered. 

The projections from many cortical structures target the superficial layers of the PER-LEC 

network: anatomical data showed that the cingulate, orbitofrontal and insular cortex project 

to the perirhinal and entorhinal cortex and olfactory areas project to the entorhinal 

superficial layers, whereas hippocampal areas project to the deep layers (Deacon, 

Eichenbaum, Rosenberg, & Eckmann, 1983; Kerr, Agster, Furtak, & Burwell, 2007; Room & 

Groenewegen, 1986). The PER has many associational connections and is therefore assumed 

to be an integration structure which processes information before the PER provides its input 

to the EC (Insausti, Amaral, & Cowan, 1987; Lavenex & Amaral, 2000). In this dissertation we 

focused on the synaptic input from the agranular insular cortex (AiP), a neocortical afferent 

of the PER-LEC. We do expect that other cortical areas recruit the PER-LEC network in a 

comparable way, based on the resembling anatomical projection sites of these areas. It is 

therefore hypothesized that information from different cortical areas is combined by 

neurons in the PER-LEC network and afterwards transmitted to the hippocampus. 

Furthermore, projections from the cortex are rostrocaudally organized in the PER-LEC 

network (Room & Groenewegen, 1986). This anatomical organization supports rostral to 
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caudal propagation of neocortical inputs through the PER (Biella, Uva, & Curtis, 2001; 

Martina, Royer, & Paré, 2001). In line with these findings, we showed in chapter 2 that this 

organization results in a sequential activation of the PER-LEC network was organized 

longitudinally along the rostrocaudal axis. 

Information from the cortex is likely carried and passed along by assemblies of 

synchronously active neurons, not by single neurons (Abeles, Prut, Bergman, & Vaadia, 

1994). Synchronized activity of groups of neurons is therefore considered an important 

feature of activity transmission, since target structures, such as the hippocampus, can 

efficiently detect and respond this synchronous activity (Salinas & Sejnowski, 2001). These 

synchronous neuronal firing patterns of these active neurons code the information in the 

spike-timing and spike-count (Quian Quiroga & Panzeri, 2009). The timing of evoked synaptic 

input and the spike patterns resulting from this input are addressed in this dissertation by 

examining how a single input activates neurons in the PER-LEC network. In this way, the 

timing of the neuronal activity can be compared between groups of neurons in different 

brain areas, to address how information is processed in the network. The rate-coding of 

neurons is best studied by evoking patterns of synaptic input by stimulus trains, which is not 

done in this dissertation, but could well play an equal role in activity transmission between 

brain areas. 

In chapter 3 and chapter 4 we showed how the two separate layers of the PER-LEC, the 

superficial layer I-III and the deep layers V-VI, are activated by the AiP synaptic projections. 

The principal neurons in the superficial layers receive stronger synaptic input which results 

in more action potential firing, probably forming a larger assembly of active neurons as a 

response to synaptic input. The synaptic input received by the deep layer neurons is smaller, 

resulting in a very small group of firing neurons. It is hypothesized that superficial layer 

neurons provide information to the hippocampal circuit. The small input in deep layer 

neurons is thought to provide a copy of the information which is transmitted to the 

hippocampus. This input is likely received by deep layer neurons through monosynaptic 

connections which superficially target the large dendritic tufts of the deep layer neurons or 

di-synaptic through the extensive intrinsic connectivity between the superficial and deep 

layers (Witter, Doan, Jacobsen, Nilssen, & Ohara, 2017). 
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In addition, the deep layer population receives strong, feedforward inhibition, suggesting 

that this network does not have the function to transmit cortical activity to the hippocampus. 

This indicates that the superficial layers can carry information, in the form of action potential 

firing (chapter 4), towards the hippocampus whereas the deep layer output network is 

actively silenced by strong feedforward inhibition (chapter 3). These findings are in line with 

data of de Villers-Sidani and colleagues (2004) showing that there is a separated bidirectional 

pattern of synaptic interactions in the superficial and deep layers of the PER-LEC network (de 

Villers-Sidani, Tahvildari, & Alonso, 2004). The concept of the regulation of this bidirectional 

pattern is found for the return transmission of activity from the hippocampus back to the 

cortex through the deep layer output network as well: activity transfers via the deep 

entorhinal layers whereas at the same time superficial layer neurons are actively inhibited 

(Gnatkovsky & de Curtis, 2006). 

Our studies were conducted in a slice preparation, known for their relatively quiescent 

state compared to the in vivo high conductance state (Destexhe, Rudolph, & Paré, 2003). It 

is therefore possible that when recorded in vivo, the fluctuating conductance states in both 

superficial and deep layer neurons make the principal neurons more prone to action 

potential firing (Destexhe et al., 2003). Nevertheless, if we assume that the principal neurons 

and inhibitory neurons are both affected by the quiescent state, the difference in the 

excitatory-inhibitory responses evoked by neocortical input would still result in a larger 

population of firing neurons in the superficial layers compared to the deep layers.  

  

The role of inhibition in the gating mechanism of the PER-LEC network 

An important role for the inhibitory network in actively selecting and regulating relevant 

information through the PER-LEC network has been proposed (de Curtis & Paré, 2004). 

Nevertheless, the exact role of inhibitory neurons in the gating of activity is not yet clear. The 

inhibitory responses evoked by cortical input originate in the local network (Martina et al., 

2001). Transmission of activity through the PER to the LEC is strongly hindered by this local 

network inhibition: if the inhibition is reduced by a competitive GABAA receptor blocker, 

activity consequently progresses through the PER to the LEC, indicating that activity is reliably 

transmitted (Biella, Spaiardi, Toselli, de Curtis, & Gnatkovsky, 2010; Willems et al., 2016); 

chapter 2). Furthermore, excitatory connectivity between principal neurons in the LEC 
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superficial layers is sparse, but principal neurons are mainly connected di-synaptically via 

inhibitory interneurons (Nilssen et al., 2018), indicating a major role for the interneuron 

population in entorhinal processing. 

The inhibitory response is a result of activity of GABAergic interneurons. As described in 

the general introduction, various types of interneurons are present in the PER-LEC network, 

including calbindin, calretinin, somatostatin, 5HT3r, and parvalbumin expressing 

interneurons (Barinka et al., 2012; Leitner et al., 2016; Rudy, Fishell, Lee, & Hjerling-Leffler, 

2011). It is not known whether these different types of interneurons have a specific function 

in the PER-LEC network. The exact role of most types in the regulation of activity transmission 

in PER-LEC network still remains to be examined and in chapter 3 and chapter 4 we addressed 

the role of the PV interneurons. These interneurons were chosen since they are known for 

their projection onto the axo-somatic site of the principal neuron, hence they can evoke large 

inhibitory responses upon activation (Pfeffer, Xue, He, Huang, & Scanziani, 2013). We 

showed that superficial and deep layer PV interneurons receive a strong synaptic input 

compared to principal neurons (chapters 3, 4 and 5). This larger synaptic input can be due to 

the presence of more and larger glutamatergic terminals on interneuron dendrites, resulting 

in more effective activity transmission in interneurons (for review see Buzsáki, Kaila, & 

Raichle, 2007). This effectivity fits neatly with the action potential firing patterns which were 

evoked in PV interneurons after AiP stimulation (chapters 3 and 4). Although many other 

GABAergic interneurons might be active in the PER-LEC network, we showed that PV 

interneuron firing is highly correlated with the evoked inhibitory synaptic response in the 

simultaneously recorded principal neurons in both superficial (chapter 4) and deep (chapter 

3) layers. Furthermore, PV interneurons receive their synaptic input earlier than principal 

neurons which indicates that PV interneurons are directly activated in a feedforward manner 

(chapters 3 and 4). This is supported by anatomical data showing a high incidence of 

glutamatergic synapses from the PER to EC GABAergic neurons (Pinto, Fuentes, & Paré, 

2006). 

The inhibition recruited in the PER-LEC network clearly effectively silences the deep layer 

principal neurons. However, the question still remains what the role of this strong inhibition 

is in transmission of activity. The regulation of principal neuron firing by PV interneurons as 

shown in chapter 4 can be the underlying mechanism of this gate. In networks where 
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excitation and inhibition are balanced, only slight differences in the timing and amplitude of 

the excitation or inhibition can open and close the gate for transmission of activity (Vogels & 

Abbott, 2009). This study showed that the time and amplitude relation between excitatory 

and inhibitory input – the excitability ratio – evoked in principal neurons creates a window 

of opportunity for spiking, refining the spike-timing and therefore carrying information for 

downstream information transfer. This gating mechanism depends on two aspects: 1) the 

accuracy of PV interneuron firing and 2) the timing and amplitude of the excitatory input. In 

chapter 3 and 4, PV interneurons respond very accurately after receiving synaptic input, 

ensuring very consistently timed, reliable inhibition of principal neurons. This reliable 

inhibition blocks principal neuron firing if excitatory input is received too late or not strong 

enough. It seems that only when the timing of excitation is early enough and the excitatory 

input is large enough, the principal neuron spikes before the accurately timed inhibition 

emerges. The regulation of PV interneuron accuracy and the timing of excitation in principal 

neurons results in synchrony of principal neuron firing in the network. By means of 

synchronous ensemble activity in the PER-LEC network, highly relevant information can be 

conducted to the hippocampus where an ensemble representation specific for the current 

information is formed (Pennartz, Uylings, Barnes, & McNaughton, 2002). 

 

Integration of information in the PER-LEC network 

Integration of activity in neural networks: combining input from multiple brain areas 

Interaction of synaptic inputs is often studied in vivo on the level of crossmodal brain 

regions where integration of multiple sensory inputs takes place. These areas combine 

information from multiple senses, for example visual and tactile information, and increase 

stimulus detection (Stein & Stanford, 2008). The interplay between excitatory principal 

neurons and inhibitory interneurons is crucial for multisensory integration. For example, if a 

multimodal network receives multiple inputs from visual and somatosensory primary areas, 

inhibitory neurons do not alter their firing rates whereas principal neurons increase their 

firing rate (Olcese, Iurilli, & Medini, 2013). An explanation for this phenomenon could be that 

principal neurons are more sensitive to synaptic input variation, and can therefore vary their 

firing rate, whereas varying synaptic input received by interneurons is not translated into an 

altered spike pattern. How synaptic input interacts in integration areas and which 
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consequences this interaction had for the firing of principal neurons and interneurons is not 

yet clear. The interaction of synaptic inputs depends on various features like the intrinsic 

properties of the receiving neuron and the spatial distribution of synaptic contacts (Box 3). 

In this dissertation we addressed the interaction of synaptic inputs in the PER-LEC network 

by examining the behavior of principal neurons and PV interneurons in response to synaptic 

input from two distinct brain areas. 

 

 

Box 3 | Synaptic integration  

 

Individual neurons integrate thousands of synaptic inputs they receive to generate 

an output: action potential firing. The complex geometry of dendrites and their synaptic 

connections, together with the active and passive dendritical properties allow complex 

computation of multiple sources of input. Eventually the output, i.e. action potential 

firing, is initiated near the soma in the axon initial segment (Shu, Duque, Yu, Haider, & 

McCormick, 2007), indicating that how effective synaptic input is transmitted to the axon 

initial segment determines how the synaptic input can influence the neuronal firing 

pattern (Stuart & Spruston, 2015). 

Synaptic integration in single neurons comes in various forms: 1) integration of 

synaptic input on multiple dendrites, where synchronized activity of the input generates 

a dendritic spike, 2) the enhancement of distal synaptic input by proximal dendritic spike 

initiation, 3) integration of inhibitory and excitatory synaptic input on the dendrites, 

where inhibition can veto the more distal excitatory input, and 4) the integration of 

synaptic inputs from multiple brain areas on the various sides of the neuron where the 

dendrite functions as a coincidence detector (Stuart & Spruston, 2015). These forms of 

integration all play a role in processing of input before spike patterns are evoked and 

activity is transmitted onto the postsynaptic neuron. 

Additionally, not every synaptic input should be conducted into an action potential, 

since action potential firing is a large energy investment. It has been shown that the size 

of the postsynaptic current is set to not always transmit information, since the 

information transmitted per used energy is optimized (Harris, Jolivet, Engl, & Attwell, 

2015). If synaptic inputs induce maximal postsynaptic currents, the information transfer 

is much higher, but the information per energy used is much lower. Synaptic input onto 

different dendritic compartments can therefore be sub maximal (and energy efficient), 

but be integrated at the soma to be transmitted in an energy efficient way to the next, 

postsynaptic neuron. 
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The PER-LEC network as an integration area  

 Information from several neocortical areas travels towards the hippocampus for memory 

consolidation and is relayed by the PER-LEC network (Buzsáki, 1996; Pennartz et al., 2002). 

In addition to the many cortical areas projecting to the PER-LEC network as described above, 

the PER-LEC receives afferents from many subcortical brain structures such as the lateral 

amygdala, raphe nuclei, claustrum, brain stem, basal forebrain, thalamus, and hypothalamus 

(Deacon et al., 1983; Finch et al., 1986; Insausti et al., 1987). The presence of these 

connections suggests that the PER-LEC network is able to integrate many sources of input, 

before activity is transmitted towards the hippocampus. This makes the PER-LEC a crucial 

structure where input from various cortical and subcortical areas can interact and where 

transmission to the hippocampus can be regulated. 

Interaction of synaptic inputs and activity in the rhinal cortices plays an important role in 

controlling memory function. For example, inhibitory control of activity in the rhinal cortices 

by synaptic input from the prefrontal cortex impedes memory retrieval when a certain 

memory has to be suppressed (Anderson, Bunce, & Barbas, 2016). This inhibition is most 

likely achieved by direct excitatory projection activating local network parvalbumin 

expressing inhibitory neurons (Apergis-Schoute, Pinto, & Paré, 2006; Bunce, Zikopoulos, 

Feinberg, & Barbas, 2013). It is suggested that rhinal quiescence could serve as a functional 

process in suppression of memory retrieval (for review see Depue, 2012). These studies 

showed that interaction of rhinal achtivity and synaptic input from modulating brain areas 

can ultimately regulate memory function in humans. 

  

Modulation of cortical input by amygdala activity 

The amygdala is considered an emotion-related brain area (Cahill, Babinsky, Markowitsch, 

& McGaugh, 1995; LeDoux, 2012). Emotional enhancement of information processing by the 

amygdala is an important aspect of the memory system. Fear memory is impaired when the 

projection from the basolateral amygdala to entorhinal cortex is inhibited, indicating that 

input from the amygdala can modulate memory function in the entorhinal cortex (Sparta et 

al., 2014). Furthermore, it is shown that the information from the amygdala and the 

neocortical areas can modulate the medial temporal lobe activity (including the PER and LEC) 

and therefore enhance memory performance of emotional stimuli in humans (Dolcos, LaBar, 
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& Cabeza, 2004). The underlying mechanism of the increased memory performance at 

emotional stimuli is studied both in vivo and in vitro by addressing the modulation of PER-LEC 

activity by LA input. BLA activity facilitates neuronal interactions in the rhinal cortices during 

emotional memory formation in vivo (Paz, Pelletier, Bauer, & Paré, 2006) and in slices, 

amygdala input promotes progression of PER activity to the entorhinal-hippocampal circuit 

(Kajiwara, Takashima, Mimura, Witter, & Iijima, 2003; Koganezawa et al., 2008). In chapter 2 

we showed that stimulation of the AiP leads to activation of the PER-LEC network in a rostral 

to caudal manner, whereas the LA evokes initial responses mainly in the PER-LEC deep layers. 

This pattern of network activation enables that, only if activity of the PER-LEC network and 

the LA coincides in the LEC deep layers, the activity is transmitted to the dentate gyrus of the 

hippocampus when the inhibition is slightly reduced (Koganezawa et al., 2008). 

Transmission of synaptic input relies on whether the synaptic input evokes action 

potential firing in the postsynaptic neuron. This synaptic input is received by the neuronal 

dendrites and is integrated in various ways to eventually evoke the action potential firing 

pattern that contains the computed information received by the dendritic tree (Box 3). The 

interaction of AiP and LA synaptic inputs in the excitatory and inhibitory components of the 

PER-LEC network was examined in chapter 5 at the cellular, microcircuit and network level. 

We first compared the interaction properties of the excitatory and inhibitory conductances 

in principal neurons and found that the excitation was summated sublinearly. The fact that 

the evoked excitatory conductance was not summed could be due to the activation of 

inhibitory terminals on the excitatory synapses, the so called pre-synaptic inhibition. 

Although it is not yet known whether pre-synaptic inhibition plays a role in the decrease of 

excitatory conductance after simultaneous stimulation of the AiP and LA in PER-LEC principal 

neurons, this phenomenon has been shown in the olfactory system. Interneurons can provide 

presynaptic inhibition of excitatory synapses in olfactory sensory neurons (McGann, 2013), 

leading to decrease in excitatory responses recorded post-synaptically. 

Unlike the excitatory conductance, the evoked the inhibitory conductance did summate 

linearly. In accordance with this, the synaptic input in PV interneurons summated linearly as 

well, although the amount of output of the PV interneurons, assessed by the number of 

spikes, did not change. However, the inhibitory response in the principal neuron as well as 

the first evoked spike in the PV interneurons was evoked earlier after simultaneous 
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stimulation of AiP and LA. Three sources of inhibition could account for this fast inhibitory 

control of the simultaneous synaptic input: 1) direct inhibitory projections from the amygdala 

to the PER-LEC region (McDonald & Zaric, 2015), 2) direct inhibitory projections from the AiP 

(Pinto et al., 2006) and 3) fast recruitment of PV interneurons in the local PER-LEC network. 

Although direct inhibitory projections from neocortical areas and the amygdala have been 

shown anatomically (McDonald & Zaric, 2015; Pinto et al., 2006), it is unlikely that we 

stimulated these inhibitory projections in our slice preparation, since complete blockade of 

glutamatergic transmission abolished the inhibitory responses after AiP (Willems, Wadman, 

& Cappaert, 2018) and LA stimulation (chapter 5). It is thus plausible that, in the current 

experimental set up, inhibition in the principal neurons is evoked by the firing of local PV 

interneurons (chapter 5), which are known for their clustered somatic and axo-axonic 

projections onto principal neurons (Wouterlood, Härtig, Brückner, & Witter, 1995). 

The resulting unique earlier emergence of the action potential seen in the PV 

interneurons in response to simultaneous stimulation induces a faster feedforward inhibitory 

response in principal neurons. This inhibition creates only a short temporal window in which 

excitatory input from the AiP and LA can coincide to result in enhancement of the EPSP. This 

effect could be beneficial for synchronizing activity along the PER-LEC axis when the LA is 

active (Pouille & Scanziani, 2001). This fast feedforward inhibition, which is homogeneously 

recruited by a population of interneurons, can set the threshold for firing in principal neurons 

and therefore select only small neuronal populations to be involved in the neuronal 

processing (Shadlen & Newsome, 1998). The mechanism for attenuation of the spike timing, 

by interaction of synaptic input in PV interneurons, is proposed to be relevant for the 

coordination of neuronal firing across brain areas. During memory consolidation, the 

temporal coordination of hippocampal and cortical firing is not precise, likely due to the 

regulation and segregation of spike trafficking by intermediate structures such as the 

perirhinal and entorhinal cortex (Pennartz et al., 2002). 

The feature of the amygdala to interact with activity in the rhinal cortex neurons is not 

specific to the PER-LEC network. The basolateral amygdala (BLA) is for example also involved 

in regulation of medial entorhinal cortex activity when spatial or contextual learning is 

modulated by emotion (Wahlstrom et al., 2018). Wahlstrom and colleagues (2018) showed 

that memory performance is specifically enhanced when the BLA input to the MEC is active 
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in the 8 Hz theta. Since the inhibitory neurons in the MEC play a crucial role in the spatial 

information processing (Couey et al., 2013), it is possible that BLA activity interacts with the 

interneurons to modulate spatial information processing. However, whether principal 

neurons and interneurons in the local MEC network play a comparable role in the modulation 

of MEC activity by the BLA remains to be revealed. 

  

Future directions 

In this dissertation, we provide a mechanism for the regulation of activity transmission 

through the PER-LEC network. Although the insight in how synaptic input from the neocortex 

as well as the amygdala is processed by the PER-LEC is obtained in a horizontal slice 

preparation, the specific role of the various projecting fibers is not yet clear. It is possible that 

specific projections target specific groups of neurons to influence to tight excitatory-

inhibitory balance and therefor favor transmission of activity. Such a projection is for example 

found in the form of cholinergic inputs from the basal forebrain, which regulate inhibitory 

activity in the EC as well as in the auditory cortex (Apergis-Schoute, Pinto, & Paré, 2007; 

Kuchibhotla et al., 2016). Targeting specific groups of neurons from areas which project to 

the PER-LEC network with light-activated channelrhodopsins and recording how PER-LEC 

neurons combine these inputs to firing patterns could provide a more detailed insight in the 

integrative properties of the neurons in the PER-LEC network. Furthermore, the rules for 

selectivity of the rhinal gate could be studied in more depth by these specifically targeted 

projections. 

Additionally, it has been shown that long range GABAergic projections onto interneurons 

in the LEC can regulate the activity of the EC interneurons and principal neurons (Fuchs et al., 

2016; Melzer et al., 2012). Although long range GABAergic projections from the LA to the 

PER-LEC network are not found in the experimental paradigm used in this dissertation 

(chapter 5), in vivo anatomical data confirmed a GABAergic projection from the basolateral 

amygdala towards the entorhinal network (McDonald & Zaric, 2015). These long range 

projections are likely involved in synchronizing oscillatory activity between the amygdala and 

the EC, the functional implications and the involvement in the emotional enhancement of 

memory however, remain to be revealed. 
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A second relevant question for the role of the amygdala in the modulation of cortical input 

in the PER-LEC network is: how are the amygdalar and neocortical inputs organized on the 

dendritic tree of the local circuit neurons? As shown in box 3, the localization of synapses is 

essential for the transmission of synaptic input to the soma. If synaptic inputs from different 

brain areas project onto the same compartment of the dendritic tree, the chance that they 

coincide and facilitate each other are much larger than in case they project onto different 

branches. Furthermore, a hierarchy in which information is most determinative for the 

output of the neuron depends on the proximity, size and weight of the synaptic contacts onto 

the dendritic tree (Stuart & Spruston, 2015). Anatomical studies together with single cell 

dendritic patching or voltage sensitive dye imaging could reveal the dendritic depolarization 

of PER-LEC neurons by AiP and LA input, to answer the fundamental questions of localization 

and hierarchy of synaptic input from the AiP and LA. 

  

Conclusive remarks 

This dissertation was written based on the experiments investigating the fundamental 

question how the PER-LEC network can gate neuronal activity and how this gate can be 

modulated by the lateral amygdala. We propose that the superficial layers transmit neuronal 

activity from the cortex towards the hippocampus while the deep layers are inhibited. 

Furthermore, lateral amygdala activity can influence the activity evoked by neocortical 

synaptic input, mainly via the temporal regulation of the firing of local PER-LEC PV 

interneurons. 
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Gating neuronal activity in the brain 

Cellular and network processing of propagating neuronal activity in the perirhinal-entorhinal 

cortex 

 

The brain is a unique organ which allows us to receive information and store memories 

about every day events. Information from the outside world is processed and integrated by 

several cortical areas. This information can be modulated by other areas such as the 

amygdala, a brain area involved in emotion, before the memory is stored in the cortex.  

The parahippocampal cortex is an integration area which receives information from 

various brain areas and is involved in memory processes. This information is combined and 

sent to the hippocampus for further processing and processed information is then projected 

back to the cortex for memory storage. The parahippocampal cortex consists of various 

regions which together form the input and output structure of the hippocampus. The lateral 

(LEC) and medial (MEC) entorhinal cortex are positioned adjacent to the hippocampus and 

these two entorhinal regions are bordered by the perirhinal (PER) and postrhinal cortex, 

respectively. The PER and LEC form a gate between the (sub)cortex and the hippocampus 

and are involved in memory, object information, attention,  and motivation processing. 

These structures are damaged early in the development of for example Alzheimer’s disease 

or epilepsy, which manifests as impaired performance on these functions in early stages of 

the disease. 

Much information about the anatomy of the PER-LEC network is revealed by anatomical 

studies in the last century. Neurons in the cortex preferentially project to the superficial 

layers of the PER-LEC. PER-LEC superficial layer neurons project to the hippocampus, 

implying that the PER-LEC superficial layers form the input network for the hippocampus. 

Neuronal projections from the hippocampus target neurons in the deep layers of the PER-

LEC network, from where PER-LEC neurons project back to the cortex, proposing the PER-

LEC deep layers as the output structure of the hippocampus. Despite the large amount of 

anatomical knowledge about the PER-LEC gate, it is not yet completely understood how 

information, in the form of neuronal activity, from various sources is received by the PER-LEC 
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and how this information interacts and is processed before it is transmitted towards the 

hippocampus. 

An important feature of our memory system is that emotion can influence the strength 

of memory storage. By emotional enhancement, the memory trace for information which 

involves an emotional event is better stored and more easily recalled. The amygdala is the 

brain structure involved in emotional processing and projects to the PER-LEC network. How 

amygdala activity modulates information from the cortex however, is not yet understood. 

The research described in this dissertation offers insight in how transmission of neuronal 

activity is regulated in the PER-LEC network. We investigated how activity induced in the 

neocortical agranular insular cortex (AiP) by electrical stimulation is processed in the PER-LEC 

network and which role excitation and inhibition play in processing this cortical activity in the 

superficial and deep PER-LEC layers. Additionally, we describe how input from the amygdala 

interacts with the AiP evoked activity. To answer these questions, we performed experiments 

in acute horizontal mouse brain slices consisting of an important part of the intact 

connectivity between the AiP, lateral amygdala (LA), PER, LEC, MEC and the hippocampus. 

We electrically stimulated the AiP and/or LA and recorded the evoked network activity in the 

PER-LEC network using voltage sensitive dye imaging. Additionally, we recorded how the 

evoked activity is received and processed in PER-LEC neurons using the whole-cell patch 

clamp technique. This in vitro approach enabled us to investigate the interaction between 

AiP and LA input in a controlled setting, to address how interaction of a two single synaptic 

responses from 2 brain areas is processed in the PER-LEC network. Furthermore, by 

performing paired recordings of excitatory principal neurons and inhibitory parvalbumin (PV) 

positive interneurons, we could draw conclusions on how excitation and inhibition regulate 

activity transfer in the PER-LEC network and how the interaction between these cell types is 

important for this regulation. Hence we explored the processing of propagating neuronal 

activity on the cellular and network level. 

In chapter 2 we show that stimulation of the AiP as well as the LA can activate the PER-

LEC network. However, the spatio-temporal recruitment pattern differs: the AiP activates the 

PER-LEC superficial layers first, after which the deep layers are activated, whereas the LA 

mainly evokes activity in the deep layers. When inhibition is reduced, using a low 

concentration of the competitive GABAA antagonist bicuculline, AiP-evoked activity spreads 
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further through the PER-LEC and LA stimulation can, in addition to the deep layers, also 

recruit the superficial layers. This leads to the conclusion that both the AiP and LA synaptic 

input can activate the PER-LEC network, but the initial activation site is different. Additionally 

we conclude that inhibition plays an important role in the transmission of neuronal activity 

evoked by input from both the AiP and the LA through the PER-LEC network. 

In chapter 3 we gain more detail about how synaptic input from the AiP is processed in 

the PER-LEC deep layers. We recorded how principal neurons and PV interneurons are 

activated after stimulation of the AiP superficial layers. We show that synaptic input onto 

principal neurons consists of a small excitatory and large inhibitory component. AiP 

stimulation strongly excites PV interneurons, which subsequently send a strong inhibition to 

the principal neurons in the deeper layers. The activation of PV interneurons occurs directly 

and probably monosynaptically after stimulation, evoking action potentials in the PV 

interneurons which results in fast inhibition of the postsynaptic principal neurons. We 

conclude that the excitatory network in the deep PER-LEC layer neurons is actively 

suppressed by inhibition originating from PV interneurons when the neocortical activity 

arrives in the PER-LEC network. 

In chapter 4 is described how cortical activity from the AiP is transmitted through the PER-

LEC network. To compare how synaptic input is processed in different parts of the network, 

we performed paired recordings in superficial and deep layer principal neurons. AiP 

stimulation evokes action potential firing in a larger group of principal neurons in the 

superficial layers, compared to the deep layers. This supports the hypothesis that the activity 

from the cortex is mainly transmitted towards the hippocampus via the superficial layers of 

the PER-LEC network. The difference in neuronal activity between the superficial and deep 

layers can be explained by the different strength of the synaptic input and the timing of the 

evoked excitation and inhibition, resulting in a larger net excitation in the superficial layers. 

Paired recordings of superficial principal neurons and PV interneurons show that the timing 

of the inhibition is very consistent and originates from local network PV interneurons. This 

solid inhibitory input is overruled when the excitation is large and is received early enough, 

which is the case in superficial but not deep layer principal neurons. 

In chapter 5 we elucidate how LA activity interacts with the synaptic input from the 

neocortical AiP. Principal neurons as well as PV interneurons receive synaptic input from the 
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AiP and LA, suggesting that these projections share a network in which AiP and LA activity is 

processed and integrated. How these two inputs interact in principal neurons and PV 

interneurons is examined by simultaneously stimulating the AiP and the LA. In principal 

neurons, this interaction mainly takes place in the inhibitory component of the synaptic 

input. A larger, summated excitatory input in the PV interneurons will make them reach firing 

threshold at an earlier moment in time, resulting in the earlier arrival of the inhibition in 

principal neurons. This temporal shift narrows the time window for principal neurons to fire 

their action potentials which is hypothesized to enhance the precision and synchrony of the 

network activity. 

In this dissertation we increase the knowledge about how the PER-LEC gates neuronal 

activity. The previously reported anatomical separation of the superficial and deep layers 

also functionally promotes that cortical activity is transmitted through the PER-LEC 

superficial layers towards the hippocampus for further processing. It is expected that 

synaptic input from many other cortical areas is also transmitted via the superficial layers 

while the deep layers are strongly inhibited, since cortical projections mainly target the 

superficial layers. These projections target superficial layer neurons on their proximal 

dendrites and deep layer neuron on their distant apical dendrites. The cortical input onto the 

deep layer neurons is hypothesized to provide the deep layers with information about the 

activity travelling towards the hippocampus. Via the activation of deep layer PV interneurons, 

the output pathway of the hippocampus is blocked when activity is transmitted towards the 

hippocampus. How the output from the hippocampus is transmitted back towards the cortex 

via the deep layers remains to be revealed. Studies in related brain areas have shown that 

for the activity which returns towards the cortex, the reversed phenomenon takes place: the 

superficial layers are inhibited while the deep layers are active. 

It is known that emotion can modulate memory storage and retrieval, which increases 

the chances for survival. The amygdala, a structure involved in emotion, can reinforce the 

transmission of activity through the PER-LEC network and herewith facilitate memory 

formation. In this dissertation, we add a mechanism for modulation of activity by the 

amygdala to this conclusion. Although it has long been thought that synaptic input from the 

LA and cortex mainly interacted on the excitatory synaptic responses, we showed that 

modulation of inhibition probably plays a crucial role in the regulation of transmission by the 
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LA. The prompter action potential firing of the inhibitory neurons will synchronize the firing 

of principal neurons. This synchronization, caused emotional modulation, is suggested to 

ensure information transmission to the projection areas, causing fast, strong and efficient 

memory formation. 
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Regulatie van neuronale activiteit in het brein 

Verwerking van verspreidende activiteit in de perirhinale-entorhinale cortex op cellulair - en 

netwerkniveau 

 

Het brein is een uniek orgaan dat ons in staat stelt herinneringen van gebeurtenissen op 

te slaan in ons geheugen. De hersenschors, ook wel de cortex genoemd, is het grote gebied 

voor opslag van informatie. Hoe sterk informatie opgeslagen wordt, kan beïnvloed worden 

doordat andere hersengebieden, zoals bijvoorbeeld de amygdala - een gebied betrokken bij 

emotie - actief zijn. Al deze informatie wordt gecombineerd in integratiegebieden. 

De parahippocampale cortex is een integratiegebied dat informatie vanuit verschillende 

hersengebieden ontvangt. Deze informatie wordt gecombineerd en verstuurd naar de 

hippocampus, waar verdere verwerking plaatsvindt. Deze verwerkte informatie wordt 

vervolgens terug naar de cortex verzonden en hier opgeslagen in het geheugen. De 

parahippocampale cortex bestaat uit verschillende regio’s die tezamen het input en output 

gebied van de hippocampus vormen. Direct aan de hippocampus gelegen zijn de laterale 

(LEC) en mediale (MEC) entorhinale cortex en aangrenzend liggen de perirhinale (PER) en 

postrhinale cortex. De PER en LEC vormen een poort tussen de (sub)cortex en de 

hippocampus en zijn hierdoor betrokken bij geheugenopslag, herinneren, verwerken van 

objectinformatie, aandacht en motivatie. Deze structuren worden vroeg tijdens de 

ontwikkeling van aandoeningen als epilepsie of de ziekte van Alzheimer beschadigd, wat zich 

manifesteert als een verlies van deze functies vroeg in het ziektebeloop. 

In de vorige eeuw is veel bekend geworden over de anatomie van het PER-LEC netwerk. 

Vanuit de cortex projecteren neuronen voornamelijk naar de oppervlakkige lagen van de 

PER-LEC. Vervolgens projecteren neuronen uit deze lagen naar de hippocampus, waardoor 

de oppervlakkige lagen worden beschouwd als het gebied dat input levert aan de 

hippocampus. Projecties vanuit de hippocampus innerveren de diepe lagen van de PER-LEC. 

Deze diepe lagen projecteren de output terug naar de cortex, wat suggereert dat 

hippocampale output het PER-LEC netwerk verlaat via de diepe lagen, richting de cortex. 

Ondanks de grote hoeveelheid anatomische kennis over de PER en LEC is tot op heden nog 

niet volledig begrepen hoe informatie vanuit verschillende gebieden de PER en LEC 
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binnenkomt en hoe de informatie wordt verwerkt voordat deze doorgestuurd wordt naar de 

hippocampus.  

Een belangrijke eigenschap van het geheugensysteem is dat verwerking en de opslag van 

informatie gemoduleerd kan worden door emotie. Door emotionele versterking wordt 

informatie die betrokken is bij een emotionele gebeurtenis beter opgeslagen, waardoor 

sneller herkenning optreedt en adequater gehandeld kan worden. De amygdala is de 

hersenstructuur die betrokken is bij emotieverwerking en projecteert naar het PER-LEC 

netwerk. Hoe de amygdala-activiteit invloed heeft op informatie die binnenkomt vanuit de 

cortex, is echter nog niet volledig begrepen. 

Het onderzoek dat in dit proefschrift beschreven staat, biedt inzicht in hoe de transmissie 

van activiteit gereguleerd wordt in het PER-LEC netwerk. Er is onderzocht hoe corticale 

stimulatie van de insulaire agranulaire cortex (AiP) de PER en LEC activeert en welke rol de 

inhibitie en excitatie spelen in de verwerking van deze activiteit in neuronen in de 

oppervlakkige en diepe lagen van de cortex. Daarnaast wordt beschreven hoe de amygdala-

input interacteert met activiteit, opgewekt vanuit de AiP. Om deze vragen te beantwoorden 

hebben we gebruik gemaakt van horizontale hersenplakken van de muis, waarin een 

belangrijk deel van de connectiviteit tussen de AiP, laterale amygdala (LA), PER, LEC, MEC en 

hippocampus behouden is gebleven. We hebben de AiP en/of de LA elektrisch gestimuleerd 

en de neuronale netwerkactiviteit gemeten met een voltage-gevoelige stof. Daarnaast 

hebben we de activiteit gemeten die binnenkomt op neuronen in het PER-LEC netwerk met 

behulp van elektrofysiologische patch-clamp metingen. Deze in vitro aanpak maakte het 

mogelijk de interactie van de input vanuit de AiP en LA te bestuderen in een gecontroleerde 

omgeving, om zo een uitspraak te kunnen doen over hoe de interactie van twee enkele 

synaptische inputs van twee hersengebieden verwerkt wordt in het PER-LEC netwerk. 

Bovendien konden we door het uitvoeren van gepaarde metingen van excitatoire principale 

cellen en inhibitoire parvalbumine (PV) positieve interneuronen, uitspraken doen over hoe 

excitatie en inhibitie de activiteit in het PER-LEC netwerk reguleren en hoe de interactie 

tussen deze celtypen van belang is voor deze regulatie. Hierdoor konden we op zowel 

cellulair als netwerk niveau de verwerking van activiteit in het PER-LEC netwerk exploreren. 

In hoofdstuk 2 laten we zien dat zowel stimulatie van de AiP als van de LA het PER-LEC 

netwerk kan activeren. Echter is het spatiële patroon van de activatie verschillend: de AiP 
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activeert eerst de PER-LEC oppervlakkige lagen waarna de diepe lagen geactiveerd worden, 

terwijl de LA voornamelijk de diepe lagen activeert. Wanneer de inhibitie verlaagd wordt 

door middel van een lage concentratie van de competitieve GABAA antagonist bicuculline, 

zien we dat de opgewekte activiteit na AiP stimulatie zich tot verder in het netwerk kan 

verspreiden en dat LA stimulatie nu ook leidt tot verspreiding van activiteit in de 

oppervlakkige lagen. Hieruit concluderen we dat zowel de AiP als de LA functioneel het PER-

LEC netwerk kunnen activeren, maar dat de initiële plek van activatie in dit netwerk 

verschillend is. Daarnaast tonen we aan dat inhibitie een belangrijke rol speelt bij de 

transmissie van AiP- en LA-activiteit door het PER-LEC netwerk. 

In hoofdstuk 3 wordt dieper ingegaan op de verwerking van synaptische input vanuit de 

AiP in de diepe lagen van het PER-LEC netwerk. We hebben gemeten hoe excitatoire 

principale cellen en inhibitoire PV interneuronen geactiveerd worden na stimulatie van de 

oppervlakkige AiP. We laten zien dat de synaptische input op principale cellen bestaat uit een 

klein excitatoir en groot inhibitoir component. Deze sterke inhibitie is afkomstig van PV 

interneuronen, die geactiveerd worden en actiepotentialen vuren na stimulatie van de AiP. 

Deze activatie van PV interneuronen gebeurt direct en waarschijnlijk monosynaptisch na 

stimulatie, waardoor het snelle vuren van deze neuronen een snelle inhibitie van de 

postsynaptische principale cellen teweegbrengt. Hieruit concluderen we dat de excitatoire 

neuronen in de diepe lagen van het PER-LEC netwerk actief onderdrukt worden door 

inhibitie, wanneer een neocorticale input zijn weg baant door het PER-LEC netwerk, richting 

de hippocampus. 

In hoofdstuk 4 wordt beschouwd hoe corticale activiteit vanuit de oppervlakkige AiP kan 

reizen door het PER-LEC netwerk. Om een vergelijking te maken tussen de verwerking van 

corticale input in de verschillende delen van het netwerk zijn gepaarde metingen van 

oppervlakkig en diep gelegen principale neuronen uitgevoerd. Stimulatie van de AiP activeert 

een grotere populatie principale neuronen in de oppervlakkige lagen tot 

actiepotentiaalvuren dan in de diepe lagen. Dit ondersteunt opnieuw de hypothese dat 

activiteit vanuit de cortex voornamelijk via de oppervlakkige lagen wordt doorgegeven 

richting de hippocampus. Dit verschil in activiteit van de oppervlakkige en diepe lagen wordt 

verklaard door een verschil in de sterkte en timing van excitatie en inhibitie: de netto 

excitatie die overblijft in principale cellen in de oppervlakkige lagen is groter. Gepaarde 
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metingen van oppervlakkige principale neuronen en PV interneuronen laten zien dat de 

timing van de inhibitie zeer consistent is en afkomstig is uit PV interneuronen. Deze solide 

inhibitoire input wordt overruled als de excitatie sterk genoeg is en vroeg genoeg komt, wat 

het geval is in de oppervlakkige, maar niet in de diepe principale neuronen. 

In hoofdstuk 5 wordt bekeken hoe de input vanuit de neocorticale AiP interacteert met 

input vanuit de LA. De principale neuronen en PV interneuronen in de diepe lagen ontvangen 

synaptische input van zowel de AiP en LA, wat wijst op een gedeeld netwerk voor de 

verwerking van AiP- en LA-activiteit. Door simultane stimulatie van de AiP en de LA is 

vervolgens bekeken hoe deze twee inputs interacteren op de principale neuronen en PV 

interneuronen. In principale neuronen beïnvloedt de AiP- en LA-activiteit voornamelijk de 

inhibitoire component van de input. Een versterkte excitatoire input in de PV interneuronen 

zorgt ervoor dat actie potentialen eerder gegenereerd worden wanneer AiP en LA input 

tegelijk actief zijn, met als resultaat dat de inhibitoire input in principale neuronen eerder 

arriveert. Deze vervroeging in het arriveren van inhibitie versmalt het tijdsvenster voor 

actiepotentiaalvuren in principale cellen. Gedacht wordt dat deze versmalling de precisie 

voor actiepotentiaalvuren vergroot, wat meer synchronie van activiteit in het neuronale 

netwerk tot gevolg heeft. 

We hebben met dit proefschrift getracht meer te weten te komen over de poortfunctie 

van het PER-LEC netwerk. Het blijkt dat de eerder gerapporteerde anatomische 

connectiviteit er ook functioneel voor zorgt dat corticale activiteit voornamelijk via de 

oppervlakkige lagen van het PER-LEC netwerk wordt doorgegeven richting de hippocampus 

voor verdere verwerking. Naast de AiP, projecteren vele andere corticale gebieden naar de 

PER-LEC. Deze projecties maken voornamelijk contact met de oppervlakkige lagen, daarom 

wordt verwacht dat ook de synaptische input vanuit andere gebieden voornamelijk via 

oppervlakkige lagen doorgegeven wordt, terwijl de diepe lagen onderdrukt worden door 

sterke inhibitie. Deze projecties maken connecties met neuronen in de oppervlakkige lagen 

op hun proximale dendrieten, terwijl de connecties met neuronen in de diepe lagen worden 

gemaakt op de distale apicale dendrieten in de oppervlakkige zone. Gedacht wordt dat deze 

corticale input in diepe-laag-neuronen informatie verschaft, over de activiteit die reist naar 

de hippocampus, aan de diepe lagen. Tegelijkertijd worden in de diepe lagen PV 

interneuronen geactiveerd om het outputgebied van de hippocampus te onderdrukken. Hoe 
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echter de output vanuit de hippocampus zijn weg terugvindt naar de cortex, via de diepe 

lagen, moet nog verder bestudeerd worden. Enkele studies, in gerelateerde hersengebieden, 

hebben laten zien dat bij terugkerende activiteit het omgekeerde fenomeen wordt 

waargenomen: de oppervlakkige lagen worden onderdrukt terwijl de diepe lagen actief zijn. 

Bekend is dat emotie geheugen kan moduleren met als functie de kans op overleving te 

vergroten. Daarbij is gevonden dat de amygdala, de hersenstructuur betrokken bij emotie, 

de transmissie van activiteit door het PER-LEC netwerk kan versterken en daarmee 

geheugenopslag kan vergemakkelijken. Als toevoeging stellen wij in dit proefschrift een 

mechanisme voor dat beschrijft op welke manier de amygdala deze transmissie kan 

beïnvloeden. Ondanks dat lang gedacht werd dat input vanuit de LA en de cortex vooral 

interacteerde op de excitatoire synaptische input, laten we hier zien dat het moduleren van 

de inhibitie waarschijnlijk een grote rol speelt in het reguleren van activiteit door de LA. Door 

de inhibitoire neuronen sneller te laten vuren, en daarmee de inhibitie eerder te activeren 

in principale neuronen, wordt gesuggereerd dat de activiteit van principale neuronen 

synchroniseert. Deze synchronisatie, veroorzaakt door emotionele modulatie, kan zorgen 

voor informatieoverdracht naar het volgende hersengebied, waardoor deze informatie 

waarschijnlijk snel en sterk opgeslagen kan worden in de cortex. 
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Eindelijk is het zover, het schrijven van het dankwoord. Zoals iedereen weet het meest naar 

uitgekeken en meest gelezen stuk van het proefschrift. Ik zal daarom niet zuinig zijn met 

woorden wijden aan het bedanken van alle mensen die ik op enige manier dankbaar ben 

voor de afgelopen 5 jaar. 
 

Natuurlijk te beginnen bij mijn promotoren, Natalie en Wytse, zonder jullie was ik nooit 

begonnen aan dit project en was het ook zeker niet tot zo’n goed einde gekomen.  

Natalie, wij begonnen in juni 2013 aan een project om de PER-EC gate te karakteriseren. Het 

woord “gate” heeft glorie – en taboetijden gekend, en ik ben blij dat we na alle proeven, 

discussies en moeilijk interpreteerbare data toch het woord “gating” in de titel van dit 

proefschrift konden zetten! Dankzij jou heb ik een kickstart gemaakt met de VSD en konden 

we samen een invulling geven aan de verdere efys proeven op de patchopstelling. Door jouw 

daadkracht lukte het snel verhalen op poten te zetten die resulteerde in een aantal mooie 

artikelen. En wat hebben we gelachen toen ik wat te klein bleek voor de VSD, waardoor een 

opstapje geregeld moest worden. Ook de overlegjes met jouw heerlijke zelfgebakken 

lekkernijen waren altijd genieten. Dankjewel voor een fantastische onderzoekstijd, door jouw 

stimulatie ben ik als onderzoeker gegroeid. 

Wytse, mijn af en toe verstrooide en soms voor mij té intelligente professor. Wat heb ik veel 

van je geleerd. Vooral het samen sleutelen aan opstellingen tot een uur of 8 ’s avonds waren 

gezellig, ook al was die 50 Hz soms wat frustrerend. Jouw inzicht in de efys zorgde voor lange, 

soms wat verhitte, discussies over het interpreteren van data, waarbij jij meestal gelijk had 

en ik steeds beter mijn data leerde interpreteren. Ook al die keren dat jij mij een 

berekeningen met de Wet van Ohm liet doen met onmogelijke getalgroottes en eenheden 

(van pA naar nS via MΩ en mV) hebben me veel geleerd. Ook niet te vergeten de gezellige 

gesprekken op borrels en congressen, waar het af en toe over andere zaken dan wetenschap 

kon gaan. Ik ben blij dat we mijn onderzoek tot een goed einde hebben gebracht en ben 

mede door al jouw input heel blij met het eindresultaat, waarvoor dank! 
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Mijn paranimfen, Lana en Erik. Van jullie allebei heb ik op zo’n verschillende manieren veel 

geleerd de afgelopen jaren. Lana, de rust zelve. Door jou begon ik met mijn memorabele 

bakjes rauwkost, en dat is nog maar het begin. Van samen sporten tot wijntjes drinken met 

goede gesprekken hebben mij enorm geholpen in allerlei werkgerelateerde en 

ongerelateerde beslissingen. In het lab kon ik alles aan je vragen en wist je zó veel van efys! 

Ook ben je de beste yoga-teacher die ik ooit heb gehad. Dankjewel voor alles. Erik, ja waar 

moet ik beginnen. Vanaf borrels die eindigden in de Nasty op random donderdagen tot 

cruisen in de Chevy Camaro door de death valley. Wat een feest is het, letterlijk en figuurlijk, 

om jou als vriend erbij te hebben. De urenlange, ietwat filosofische gesprekken bij Kuijper 

kan ik zeker niet meer allemaal precies navertellen, maar wat hebben wij het leven samen 

uitgebreid uitgeplozen. De dagen waarbij we in onze vrije tijd samen dopaminecellen hebben 

gemeten waren nooit een straf, mits jij zorgde voor eten en drinken natuurlijk.  

 

Lieve collega Wadman PhDs, en natuurlijk ondertussen vrienden, we hebben gehuild maar 

vooral heel veel gelachen samen. Sicco en Lana, ik werd door jullie in de groep opgevangen 

en wat hebben we gelachen in het lab en op congressen (waar Sic in badjas voor onze deur 

stond), gehuild als zaken niet liepen zoals we hoopten en gemediteerd in het bijkamertje op 

het lab om een beetje rustig te worden. Jullie zijn twee belangrijke vrienden geworden die 

mij zowel in als buiten het lab veel geleerd hebben. Love you!  

Ook de benjamins die na mij kwamen: Cato, van jou als masterstudent leerde ik werken op 

de VSD opstelling, wat heerlijk dat ons “baken van integriteit” daarna bij ons aansloot om te 

promoveren. Dmitri, wij zochten duidelijk in dezelfde hoek een promotieplek en uiteindelijk 

hebben we samen aardig wat jaartjes gewerkt en vooral veel lol gehad op borrels. Ik kan 

drinken, maar jij spant de kroon! Tamar, jij kwam er als laatste bij. Ik kende je een beetje 

vanuit Utrecht en na je master daar kwam je ons vergezellen. Jouw enthousiasme voor de 

wetenschap en astrocyten is bewonderingswaardig!  

 

De rest van het Wadmanlab mag hier niet ontbreken: Lieneke, jij kwam er als technician bij, 

wat was dat heerlijk! Jouw expertise op het gebied van immuno’s en qPCR heeft mij enorm 

geholpen! Dankjewel voor al je gezelligheid in het lab, tijdens borrels en op het 
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beachvolleybalbveld! En dan natuurlijk onze eigen Wadmanlab Buurman & Buurman niet te 

vergeten, Taco en Jan. Ik wil jullie bedanken voor jullie kritische input tijdens 

werkbesprekingen maar vooral ook voor de gezellige ontmoetingen bij de koffieautomaat. 

Pascal, Fernando, Luuk, Chris en Erwin thanks for your input and useful discussions during my 

PhD project. 

 

Lieve collega’s/Nasty gangers uit andere groepen. Lianne, altijd over te halen voor een 

biertje. Zo veel jaar samengewoond en gelukkig daarna ook nog op dezelfde plek gewerkt, 

wat een feest! Guido, van een topteam in het Congo-bestuur tot nachtelijke Queen-

playbackshows in de lounge. Rico, zonder jou was de Nasty nooit ontdekt. Top dat je bij de 

80 bleef volhouden dat we met z’n tienen waren. Willemieke, wat hebben we gelachen. Bier 

koelen in de ijsmachine en zo snel mogelijk elkaar de nieuwe Justin Bieber laten horen! Eva, 

dank voor alle kopjes koffie, gezelligheid en adviezen. Jeroen, mijn perirhinal maatje, ik heb 

genoten van onze inhoudelijke en minder inhoudelijke gesprekken tijdens werk. Simone, Iris, 

Cindy, Pascal, Marijn, Lars, Kit, dank voor alle gezelligheid. Zonder jullie allen was mijn PhD 

waarschijnlijk een stuk vlotter verlopen, wel met een stukje minder lol en brakke ochtenden 

op het lab! 

 

Mensen die hebben meegewerkt aan mijn project. Titus, jij was mijn eerste stagair, bedankt 

voor je inzet! Cathelijn, als masterstudent op een VSD project heb jij een hoop frustratie 

moeten doorstaan. Ik vond het gezellig met je samen te werken! Julia, jij kwam de eerste 

orde scheppen in mijn integratiedata, wat een hulp! Dank voor alle inhoudelijke en minder 

inhoudelijke (maar vooral gezellige) besprekingen. 

 

Alle mede-onderzoekers en andere collega’s. Lars, Marco, Marten, Conrado, Hans, bedankt 

voor de gezellige koffiemomenten tussen slicen en meten door en de hilariteit op de borrels 

en kerstlunches. Lars, nu zal ik je echt nooit meer bekritiseren over squash. Marten, ik heb 

altijd hard met en om je moeten lachen, je was werkelijk altijd het zonnetje bij de koffie om 

8 uur. 

Ons dierenteam, zonder jullie waren alle proeven waarschijnlijk niet eens mogelijk geweest. 

Chris, altijd gezellig om met jou even een praatje te maken met koffie in de hand of in de 
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stallen. Dank voor alle ontzettend goede zorgen voor mijn muisjes. Rob, we kennen elkaar al 

een tijdje, dank voor de gesprekken op de gang en de hulp bij zieke dieren dilemma’s. Mirjam, 

bedankt dat ik altijd bij je kon binnenlopen om vragen te stellen over het welzijn van mijn 

dieren.  

Ook alle andere leden van het Pennartz, Smidt, Kessels en Lucassen lab, dank voor de gezellige 

tijd! 

 

Leden van de promotiecommissie, Corette, Fernando, Paul, Menno, Carien en Cyriel, dank 

voor het lezen en beoordelen van het proefschrift. Ik weet zeker dat de verdediging met deze 

commissie een leuke discussie oplevert! 

 

Naast alle bezigheden in het lab, zorgden al mijn lieve vrienden ook voor een fantastische tijd 

tijdens mijn PhD-traject. Zonder hen was het leven van deze onderzoeker in ieder geval een 

stuk saaier geweest. Ook jullie wil ik bedanken voor al die keren dat jullie vroegen hoe het 

ging, ook al hadden de meesten waarschijnlijk geen idee wat ik nou precies deed. Nu kunnen 

jullie het allemaal nalezen! 

 

Lieve vriendjes, Keiharde Kern, via vele groepsapp-namen zijn we nu aanbeland bij Team 

De’escalatie, we worden oud! Lieve Nien en Sas, begonnen op Anna’s Hoeve in de feestcie, 

en na 12 jaar krijg ik nog steeds zo veel steun en liefde van jullie! Inger, jij kwam er halverwege 

bij maar hebt die tijd ruim ingehaald met al je lieve berichtjes, warme kaartjes en ellelange 

avonden bij Kuijper op het terras. Je bent een enorm belangrijke vriendin! Wiek, gelukkig 

hebben we na onze eerste ontmoeting nog veel fijne avonden en weekenden gehad, ik 

bewonder je energie! Suus, met jou samen tegen net geverfde muren twerken is m’n 

lievelings. Marieke en Ivar, wat een fantastische spelletjes vrienden en lieve ouders zijn jullie, 

ik geniet als ik zie hoe Elin straalt! Alex, zonder jouw mega-gezelligheid tijdens het 

haaienpracticum was ik überhaupt nooit zo ver gekomen. Jasper, Koen, Caspar en Gerben, 

dank voor alle avonden dansen en weekenden mosseleten, zonder jullie had ik nooit geweten 

hoe ik 34 in 1 pijl uit moest gooien. Nick en Kenny, blijft grappig om jullie in 1 zin te bedanken. 

Bedankt voor alle heerlijke feestjes samen! 
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Lieve vriendinnetjes van de Ondeugd: Char, Dees, An, Co, Em, avonden wijn en dansen met 

jullie zijn het fijnst! Char, thanks voor de heerlijke tips en adviezen tijdens koffies. Dees, dank 

voor alle liefde die ik van je krijg. An, lieve rooie, jouw ongezouten meningen zijn heerlijk om 

naar te luisteren. Co, jouw chaos zou ik nooit aankunnen, ik bewonder je blijheid en geniet 

van heelijke gesprekken. Em, eten zoals bij jou kan ik verder nergens, dank voor al je 

heerlijkheid. Ik ben trots op jullie als vriendinnetjes! Dank voor al jullie steun de afgelopen 

12 jaar.  

En de eetclub natuurlijk, Jules, Houk, Jes en Rob. Jules, wat heerlijk dat we elkaar de laatste 

tijd veel zagen en dat onze kindjes bijna even oud zijn. Houk, Jes en Rob, we hebben tijdens 

de heerlijke gesprekken aardig wat asbakken vol en flessen wit (en vodka) leeg gemaakt, dank 

voor alle gezelligheid. 

 

Afgelopen jaar ben ik dan ook nog de studie geneeskunde gestart met stuk voor stuk 

inspirerende mensen. Lieve zij-instromers lichting 2017, ook al ben ik de oudste, de wijsste 

heb ik me het afgelopen jaar niet altijd gevoeld. Met jullie samen was terug de collegebanken 

in gaan helemaal niet vervelend. Dank jullie wel voor de gezelligheid op het AMC en in de 

kroeg. Jullie zijn knappe koppen die allen een fantastische dokter gaan worden! 

 

En dan natuurlijk familie, wie zou ik zonder jullie zijn? 

Allereerst Oma Rijkevoort, lieve Dien. Altijd heb ik gezegd dat je er snel tussenuit zou glippen 

en dat deed je ook. Toch heb ik de kracht om dit proefschrift af te maken en ondertussen te 

starten aan een opleiding tot dokter mede aan jou te danken. Ik mis af en toe de Senseo 

koffie en gezelligheid aan de koffietafel. 

 

Mijn bonus familie, lieve schoontjes! Hans en Anja, ieder etentje waren jullie geinteresseerd 

in hoe het op mijn werk ging en dat heeft mij altijd gesteund om door te gaan met dit traject, 

in goede en ook minder goede tijden. Eline en Onko, ook jullie hoorden altijd met veel 

interesse het wel en wee op de UvA aan. Eline, wat fantastisch dat jij na vele omwegen ook 

voor de wetenschap hebt gekozen, ik bewonder je doorzettingsvermogen! Dank jullie wel 

voor al jullie hulp, steun en liefde de afgelopen 5 jaar, 
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Mijn familie, lieverds. 

Myrthe en Harm, ook al wonen jullie zo ver weg, de belletjes voor de gezel maken vele 

fietsritten een stuk leuker! Myrt, ik bewonder hoe veel je voor anderen doet. Jaap en Wouter, 

ook zo ver weg. Altijd geïnteresseerd in waar ik mee bezig ben. Jullie genieten van het leven, 

dat zie je van mijlen ver! Jaap, ik bewonder de rust en tevredenheid die om je heen hangt. 

Merel en Merel, wat ben ik blij met jullie in Amsterdam. Dank voor alle gezellige avonden 

terras of weekendjes weg. Zus, ik heb het al ooit gezegd, je bent een bijzonder mens. Ik heb 

al veel van je geleerd en weet zeker dat ik nog zo veel meer van je kan leren. 

 

Lieve papa en mama, Hans en Annelies. Zonder jullie had ik hier natuurlijk nooit gestaan. Ook 

al was het voor jullie misschien een hele verandering dat ik ineens op m’n 18e naar 

Amsterdam ging omdat ik psychobiologie wilde studeren, jullie hebben nooit getwijfeld aan 

of ik het kon. Ook al begrepen jullie niet altijd precies wat ik nou in dat lab aan het doen was, 

jullie trots dat ik bezig was met onderzoek heeft mij altijd gesteund. Dank jullie wel voor alles. 

 

Liefste Michel, waar moet ik beginnen? Twaalf jaar geleden pikte je me op uit de Biecht, wat 

een meesterzet is dat geweest! Ik begrijp soms niet hoe je het doet en volhoudt, maar je 

hebt me zo enorm gesteund de afgelopen jaren. Iedere keuze die ik maakte werd met jou 

overlegd, en altijd lukte het met jouw hulp om de beste te maken. Zonder jou was het me 

nooit gelukt m’n studie, m’n PhD en m’n proefschrift af te maken. Om nog maar te zwijgen 

over alle steun die ik van je krijg bij mijn studie geneeskunde. En nu, na zo veel jaren genoten 

te hebben met met z’n tweeën, zijn we met z’n drieën. Jouw liefde is alles wat ik nodig heb 

en met jou samen is het leven zo veel mooier. Je bent een bijzonder mens. Dankjewel, voor 

alles. Ik hou zielsveel van je. 





 

 

 




