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ABSTRACT 
 

Pyramidal cells in the hippocampus, which are known as place cells, have been found to 

display a specific firing pattern which covers a restricted location of the environment. A 

plausible model for the formation of these cells is the convergence of multiple grid cells, 

from the Entorhinal Cortex, in the distal dendrites of CA1pyramidal neurons. The 

convergence of these grid cells and the formation of place cells depend on the interplay 

between a number of factors, such as the proportion of excitation and inhibition and theta 

rhythm. In order to examine the effect of these different factors, we used a biophysically 

constrained compartmental CA1 model neuron. We stimulated the neuron using grid-like 

patterns and studied the properties of the resulting firing fields. In addition, we examined 

the firing of the neuron under different levels of inhibition or excitation related to the 

timing of theta. We show that the presence and magnitude of inhibition, its modulation by 

theta rhythm and its relative firing phase compared to the theta rhythm determine place 

cell formation. Specifically, we found that inhibition can balance excitation, in a way that 

spikes occur mainly in a restricted location of the environment, the place field. 

Additionally, inhibition had greater effect when it was applied in the distal dendrites than 

when applied in proximal dendrites. Also, we found that in presence of theta modulation 

in all synapses it was more likely to form place fields. Thus, the theta rhythm coordinates 

excitation and inhibition in favor of place cell formation. 
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 ΠΕΡΙΛΗΨΗ : 
Έχει βρεθεί ότι πυραμιδικοί νευρώνες στον ιππόκαμπο, κατά τη διάρκεια εξερεύνησης 

ενός χώρου από ένα ζώο, είναι ενεργοί μόνο σε μια συγκεκριμένη περιοχή στο χώρο 

αυτό. Οι νευρώνες αυτοί λέγονται κύτταρα χώρου ή «place cells» και το πεδίο 

εκπόλωσής τους «place field». Ένα θεωρητικό μοντέλο για τη δημιουργία των κυττάρων 

αυτών προτείνει τη σύγκλιση των κυττάρων «grid» του ενδορινικού φλοιού στη CA1 

περιοχή του ιπποκάμπου υπό την επίδραση διαφόρων παραγόντων. Για να 

εξερευνήσουμε την επίδραση αυτών των παραγόντων χρησιμοποιήσαμε ένα βιοφυσικό, 

διαμερισματοποιημένο CA1 πυραμιδικό κύτταρο. Εφαρμόσαμε διεγερτικές συνάψεις 

προσομοιώνοντας το σχέδιο εκπόλωσης των «grid» κυττάρων και μελετήσαμε τις 

ιδιότητες του σχεδίου εκπόλωσης που προέκυπτε από το CA1 μοντέλο. Επίσης, 

μελετήσαμε την επίδραση παραμέτρων, όπως ο θήτα ρυθμός και η παρουσία 

ανασταλτικών συνάψεων.  Μέσω των πειραμάτων καταλήγουμε στο συμπέρασμα ότι το 

ύψος της αναστολής, η παρουσία του θήτα ρυθμού και η σχετική φάση αναστολής και 

διέγερσης σε σχέση με το θήτα ρυθμό είναι καθοριστικής σημασίας για τη δημιουργία 

του «place» κυττάρου.  
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1 INTRODUCTION 

1.1 Anatomy of the hippocampal connectivity 
 

The hippocampal formation is 

located in the medial temporal lobe, 

is subdivided in the subiculum (S), 

the hippocampus proper (consisting 

of CA1, CA2, CA3 regions) and the 

dentate gyrus (DG) subregions. It is 

divided in 3 layers, the superficial, 

the intermediate and the deep layer. 

The superficial layer in the 

hippocampus proper has 3 sublayers, the stratum lacunosum moleculare (S-LM), where 

the dendrites of apical tuft are located, the stratum radiatum (S-R), where apical proximal 

dendrites are located, and the stratum lucidum (where CA3 receives input from DG). The 

parahippocampal region consists of 

presubiculum (PrS), parasubiculum 

(PaS), medial and lateral entorhinal 

cortex (MEC, LEC), perirhinal 

(PER) and postrhinal cortex (POR) 

and is divided in 6 layers.   

The EC projects to all the subregions 

of hippocampal formation via the 

perforant path. EC layer II projects 

directly to DG and CA3, DG projects 

to CA3 via Mossy fibers, CA3 

projects to CA1 via Schaffer collaterals. EC layer III projects also directly to CA1 and S 

and targets S-LM layers whereas Schaffer collaterals target S-R layer. There is also 

feedback from CA1 and S to deeper EC layers (fig.1.2).   

Figure 1.2 Hippocampal-Entorhinal Cortex circuit 

Figure 1.1 Hippocampal formation. Ramon y Cajal 
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(van Strien, Cappaert, & Witter, 2009) This circuit has a crucial role in episodic, spatial 

memory and navigation and consists of principal space-specific cells, such as place cells, 

grid cells and head-direction cells and interneurons (Deng, Aimone, & Gage, 2010).  

Additionally, CA1 region sent direct projections to thalamus, hypothalamus, amygdala, 

pre-subiculum, para-subiculum, medial prefrontal and receives glutamatergic fibers from 

entorhinal cortical pyramidal cells, the thalamus, amygdala and CA3 pyramidal cells 
(Somogyi & Klausberger, 2005). 

1.2 Principal cells 

1.2.1 Place cells 

Place cells are pyramidal neurons in CA1 and CA3 regions of hippocampus with spatial 

response properties. They were discovered in rats and mice by O’Keefe and Dostrovsky 

in 1971 (O’Keefe & Dostrovsky, 1971). They fire selectively when the animal is located 

at a specific place in the environment, and this confined region is called place field. Place 

field size increases from dorsal to ventral hippocampus, which means that CA1 place 

cells have smaller place fields and thus are more precise than CA3 place cells (Vegard 

Heimly Brun, Solstad, et al., 2008). 

Place cells fire both in light and dark, which means that visual cues are not necessary for 

their formation. Nevertheless, place cells change their firing properties, as the 

environment or the configurations of the same environment change, a procedure that is 

called remapping. It occurs not only after sensory but also motivational and behavioral 

changes. (Colgin et al, 2008). 

Different types of remapping exist, namely rate, global or partial remapping. Rate 

remapping can occur after minor changes in environmental cues, such as changing the 

color of the box or performing different tasks, which cause different firing rate 

distribution among the place cells but without an accompanying change in their firing 

positions. Global remapping can occur after major changes in the environment and in this 

case place cells change their firing properties in an unpredictable way. Partial remapping 

occurs when only a part of the cell population exhibits remapping. It is suggested that 

remapping is a way of saving information from that is being lost by memory interference.  

(Derdikman & Moser, 2010). Rate remapping occurs when different odor causes changes 
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in firing rate. Global remapping, though occur as different wall colors cause changes in 

firing rate and firing location in an unpredictable way. (Bush, Barry, & Burgess, 2014)  

Place cells are not fine topographically organized, which means that anatomically 

neighboring cells fire at very different locations of a specific environment (Ahmed & 

Mehta, 2009). 

Apart from spatial information, place cells also connect a given environment to its other 

characteristics, such as odors, training rules and even time intervals. The property to 

associate locations with particular experiences could be useful for episodic memory 

encoding in the hippocampus (where –when –what) (Derdikman & Moser, 2010) 

At postnatal day 15 (P15), which is the day that newborn rats have just opened their eyes 

place cells can be recorded (Derdikman & Moser, 2010) 

In place cells, information concerning the position of the animal is encoded by the 

number of the spikes in place fields as well as by the spike timing. Place cells are 

practically silent outside their place field, and also a small proportion of cells is active at 

any given point in time, suggesting that the hippocampal rate code is also a sparse code. 

The spike timing has a systematic relationship with a dominant oscillation in the 

hippocampus, the theta rhythm (see below). It is observed that spike timing of an 

individual place cell shifts systematically from later to earlier phases of theta as the rat 

crosses its field, a phenomenon called theta phase precession (Ahmed & Mehta, 2009).   

Place cells are active in more than one environments and depending on the size of the 

environment, e.g. environments with large dimensions, place cells can have multiple fire 

fields. Also, they remap when the environment changes. However, ensembles of place 

cells with multiple place fields are unique for each environment. Thus, place cells 

comprise a dynamic representation of the external environment. (Geva-sagiv, Las, Yovel, 

& Ulanovsky, 2015) 
 

Since the hippocampus and para-hippocampal regions are not fully explored yet, there are 

more than one theories about their formation and their role in space coding and 

representation.   
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It is supported that grid and place cells do not directly cause the formation of each other, 

but they interact in a complementary way, that contributes in coding of large-scale space 

(Bush et al., 2014). 

 

1.2.2 Other types of space specific cells 

Border cells were discovered in 2008 (Solstad, Boccara, Kropff, Moser, & Moser, 2008), 

they represent 10% of the cells of mEC and are also found in SUB, paraSUB. Their 

specific characteristic is that they fire when the animal is located in a particular distance 

and certain direction of a boundary that is found in this particular environment.  When, in 

a familiar environment, new boundaries are added then the border cells exhibit an 

additional firing field, which has the same characteristics as the first one. Border cells 

continue to have the same firing patterns in darkness and light, which shows that they do 

not depend absolutely on visual cues cells. However, visual cues affect them, since they 

rotate when polarizing visual stimuli. The latter happens also in grid and head direction 

cells, which could suggest that there could be some interaction among these cell. (Bush et 

al., 2014) 
 

Head-direction discovered by Ranck and Taube in late 1980 (Jeffery, 2007)cells are 

found in SUB, dorsal preSUB,, anterodorsal thalamus and other brain regions throughout 

the Papez circuit (which involves the limbic system: amygdala, hippocampus, nucleus 

accumbens - NAcc). They fire whenever the animal heads to a particular direction in the 

horizontal plane, and does not depend to the relative location in the environment or its 

coordinates. They have the same firing patterns either in dark or light, but they change 

their firing pattern according to the change in visual cues, coherently with place and grid 

cells. It is supported, that head direction cells are something like a mental compass and 

thus the animal has an internal sense of direction (Geva-sagiv et al., 2015), (Bush et al., 

2014). 

Cells that encode object locations, found in lEC, active in cues such as odors, do not 

respond coherently to a spatial characteristic, but they contribute to spatial information, 

because they respond to the relative distance and direction that an animal has or had  

from a specific object.  
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Spatial navigation is coded by a number of place cells that are active at certain location. 

As long as in non-humans, place cells support navigation, in humans it is considered that 

place cells support episodic memories, since place cells are activated not only by spatial 

but also by non-spatial cues, such as odors or visual stimuli.  

1.2.3 Grid cells  

Grid cells are pyramidal neurons in Medial Entorhinal cortex, Pre-subiculum and Para-

subiculum with multiple-peak firing fields, which display regularly spaced, triangular 

grid patterns that cover the entire space of a given environment. They are found in rats, 

mice, bat and human (Hafting, Fyhn, Molden, Moser, & Moser, 2005). 

Grid cells are characterized by 3 fundamental properties, as shown in fig. 1.3 

Grid orientation (θ): The orientation of the grid pattern relative to an external reference 

orientation.  

Grid phase (x0, y0):  The position of the vertices of a grid cell in the x–y plane, which is 

the offset relative to a fixed position. 

Grid spacing (λ): The distance between adjacent grid vertices.  

 

 
Grids of neighboring cells have similar spacing, field size and orientation, but their 

phases are not related. The spacing of the grid field increases along the dorsal–ventral 

axis of the EC (as occurs in hippocampal place cells). It is proposed that place fields are 

the outcome of the integration of inputs that derive from grid cells that exist in the MEC. 

(Hafting et al, 2005). 

Experimental studies have shown that the CA1 place cells are able to form place fields by 

receiving only direct inputs from the layer III of the MEC, such as after selective lesions  

Figure 1.3  Grid cell properties (Blair et al, 2007) 
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in CA3 region (Brun et al, 2002). Furthermore, Brun et al. showed that the CA3 input, in 

contrast to the direct input, is not sufficient for precise spatial firing of the CA1 place 

cells, when they made selective lesions in the layer III of the MEC (Brun et al, 2008). 

Several other models have proposed that place cells, by use of a Fourier-like 

transformation, can emerge as a sum of inputs from many grid cells. (Derdikman & 

Moser, 2010) 

Pyramidal cells in the hippocampus receive convergent input from a number of grid cells 

from the dorsoventral axis, which have a broad spectrum of spacings (Moser, Kropff, & 

Moser, 2008). 

1.3 Hippocampal Oscillations  
The main role of oscillations in the cortex is to coordinate neuronal activity. By this way 

they shape the properties of such circuits, such as integration or separation of information 

(Singer, 1999). 

The synchronization of principal cells during rhythmic activity is a more recently 

recognized role of interneurons. Based on their network connectivity and intrinsic 

properties, interneurons generate and control the rhythmic output of large populations of 

principal cells and interneurons (Buzsaki et. al., 1995). During a given behaviour-

contingent network oscillation, interneurons of a given type exhibit similar firing 

patterns. During different network oscillations representing two distinct brain states, 

interneurons of the same class show different firing patterns modulating their 

postsynaptic target-domain in a brain-state-dependent manner. (Isaacson & Scanziani, 

2011) 

There are three dominant rhythms in hippocampus that can be observed during distinct 

brain states. 

1.3.1 Theta Rhythm 

Theta rhythm or rhythmic slow activity, 4-10Hz is recorded in local-field potential (LFP) 

signals in hippocampus, septum, entorhinal cortex and other cortical brain regions. It is 

observed in rodents during navigation and active motor behavior, such as exploratory 

sniffing, in stimuli associated with reward, and in humans during rapid eye movement 

sleep (REM) sleep, saccadic eye movements and tasks using memory. (O’Keefe and 
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Nadel 1978; Stewart and Fox 1990). Studies support that medial septum acts as a 

pacemaker and conveys theta rhythm to hippocampus in order to coordinate the neural 

network (Ylinen et al. 1995) and can be recorded throughout the entorhinal-hippocampal 

system (Wallenstein & Hasselmo, 1997). These studies show that when MS is inactivated 

then theta rhythm disappears. Additionally, it is shown that MS sends two types of 

neurotransmitters to hippocampus, GABA and acetylcholine (ach), which act in a 

different way. Many, but not all, interneurons receive GABAergic theta modulated input 

from the medial septum (Toth et al. 1997) and discharge phase locked to theta activity. 

During theta oscillations the majority of the pyramidal cells in the CA1 area exhibit a 

very low firing rate with the highest firing probability during or shortly after the trough of 

the theta cycles recorded extracellularly in the pyramidal cell layer. The mean theta phase 

distribution is the sum of the discharge of the place cells during navigation. When the rat 

enters the place field of a given cell, the cell will start to fire before the positive peak of 

the theta oscillations recorded extracellularly in the pyramidal cell layer. As the animal 

advances through the place field, the place cell fires at earlier phases during consecutive 

theta cycles resulting in a phase precession of the firing of 180 degrees and more. The 

animal is considered to cross a specific place field in 8 theta cycles and at the last cycle 

the firing phase can be shifted even 180 degrees earlier This phase precession has a 

spatial role, since the specific phase of the spikes acts as a prediction of the position of 

the animal, when it is located inside the place field. Thus theta oscillation is not only a 

coordinator but also the relative phase serves as information metric. (O’Keefe & Recce, 

1993; Skaggs et al. 1996). 
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1.3.2. Gamma oscillations 

Fast gamma oscillations (30–100 Hz) are present at the hilus and pyramidal cell layer of 

CA1 and CA3 (Bragin et al. 1995). They often accompany theta oscillations and also 

occur during spatial navigation, memory tasks, and rapid-eye-movement sleep. Gamma 

oscillations have been shown to depend on network interactions of inhibitory 

interneurons. These, generate coherent inhibitory signals that, distributed to many 

pyramidal cells, act to pace rhythmic gamma activity (Whittington et al. 1995). They 

have been shown to be modulated by the phase of the theta cycles. (Wallenstein & 

Hasselmo, 1997). The most likely perisomatic inhibitory cell type to be involved in 

gamma oscillations is the PV-containing basket cells, owing to their extensive synaptic 

and electrical coupling, and  their ability to fire at high frequency without 

accommodation (F. Freund, 2003) . 

1.3.3. Sharp wave associated high frequency ripples 

Sharp wave-associated high frequency ripples (120–200 Hz) of around 100 ms duration 

occur in the CA1 area of the hippocampus during resting, consummatory behavior, and 

slow-wave sleep, supporting offline replay and consolidation of previous experiences 

(Buzsaki et al. 1983). During ripples, initiated by the coordinated discharge of CA3 

pyramidal cells, a CA1 pyramidal cell fires one or a few action potentials phased locked 

to the trough of the cycles, but not every pyramidal cell will be active during a given 

sharp wave event. This is consistent with the hypothesis that pyramidal cells forming cell 

assemblies fire together reinforcing their connections in the network by the high 

synchrony of discharge within a few milliseconds in each ripple cycle (Buzsaki, 1989). 
 

Other oscillations 

• slow oscillations 1Hz, unexplained role 

• small irregular activity, when the animal changes abruptly its state , fex moving 

and suddenly freezing 

Figure 14. (Burgess & O’Keefe, 2011) Illustration of a rat running in a linear track , LFP theta 

oscillation, firing rate and timing relative to theta oscillations, phase precession  
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1.4 Interneurons  
Interneurons in the hippocampus modulate the principal cells and control their output.  

There is a big variety of interneurons with different characteristics, concerning their 

morphology, location in a specific cortical layer, type of neurotransmitter they may 

secrete except the GABA, other substances they may produce which are our indicator to 

classify them into groups. So interneurons categorization due to:  

• Neurotransmitter  

• Other substances: somatostatin, Parvalbumin 

• Layer where their soma is located :LM, pyramidal, oriens 

• Part of the pyramidal cell that they target, soma, perisomatic, radiatum, SLM 

Interneurons have much greater firing rate than principal cells and are more active. They 

receive constantly excitatory input and inhibit the principal neurons.  However, when 

interneurons receive either less excitation, or are inhibited by the other interneurons they 

disinhibit the principal cells. 

In all principal neurons of the central nervous system the integration of excitatory inputs 

is powerfully controlled by the activation of inhibitory GABAergic microcircuits. The 

diversity of GABAergic interneurons enables them to provide layer-specific and activity-

dependent inhibition onto principal neurons (Somogyi & Klausberger, 2005) . 

GABAergic interneurons and principal cells have two main types of interactions. 

Feedback inhibition is when GABAergic neurons are excited by the principal cells that 

they inhibit. Feedforward inhibition is when excitatory afferents from distal cortical areas 

excite GABAergic neurons (and principal cells) and they in turn inhibit principal cells. In 

addition to principal cells, GABAergic interneurons also make inhibitory contacts onto 

each other. The connectivity between interneurons is highly reciprocal and could 

contribute to shaping spatial and temporal features of cortical inhibition. (Isaacson & 

Scanziani, 2011) 

The CA1 area of the hippocampus constitutes one of the most extensively studied areas 

where recent progress has been made in explaining neuronal diversity and the temporal 

activity of distinct cells. The relatively uniform pyramidal cells are supported by a rich 

diversity of GABAergic interneurons that provide general inhibition and also temporally 

regulate pyramidal cell activity. (Somogyi & Klausberger, 2005)  
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Classification of interneurons in CA1 region 

Cortical GABAergic interneurons are a highly diverse group of neurons and there is yet 

no homophonous classification. Distinct classes of GABAergic interneurons vary in 

morphology, intrinsic electro-physiological properties, synaptic characteristics, protein 

expression and compartments of principal neurons they target Isaacson & Scanziani, 

2011). This heterogeneity of interneuronal synaptic signaling has been proposed to be an 

important feature in the regulation of target cell activity, thus highlighting the need for a 

highly diverse pool of interneurons. However, the specific tasks and roles of individual 

interneurons are poorly understood.(Maccaferri & Lacaille, 2003)  

In 2005, Somogyi & Klausberger published a categorization of interneurons in CA1 area 

of the hippocampus based on the comprehensive application of the following measures:  

1) brain area and cell domain-specific distribution of input and output synapses, 2) 

expression of proteins involved in cell signaling, 3) intrinsic membrane properties 

reflecting the expression of ion channel proteins, and 4) temporal distribution of firing in 

vivo. 

They recognized 12 types of interneurons innervating mainly specific domains of 

pyramidal cells and four types of interneurons innervating mostly other interneurons: 

(1)   Axo-axonic cell (parvalbumin (PV)+).  

(2)   Basket cell (PV+, CCK−).  

(3)   Basket cell (CCK+, VIP+, vesicular glutamate transporter 3 (VGLUT3)− , PV−).  

(4)   Basket cell (CCK+, VGLUT3+, VIP− , PV− ). 

(5)   Bistratified cell (PV+ , somatostatin+, NPY+, GABAA receptor α1 subunit+ , 

CCK−).  

(6)   O-LM cell (PV+, somatostatin+, strongly mGluR1α+ , presynaptic input mGluR7a 

decorated).  

(7)   Schaffer collateral associated cell (CCK+ , calbindin+somatostatin−, NPY−) . 

(8)   Lacunosum-moleculare–radiatum perforant path-associated cell.  

(9)   Lacunosum-moleculare perforant path-associated cell.  

(10) Neurogliaform cell.   

(11) Trilaminar cell (m2 receptor+ , presynaptic input mGluR8a decorated, calbindin− ). 

(12) Back-projection cell. . 
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(13) Hippocampo-septal cell (calbindin+, somatostatin+).   

(14) Interneurone specific cell I (IS-I). (calretinin+) .  

(15) Interneurone specific cell II (IS-II), (VIP+).  

(16) Interneurone specific cell III (IS-III), (VIP+ , calretinin+, terminals mGluR7a+). 

The different classes of interneurons that were tested fire action potentials and 

presumably release GABA, at different time points to distinct compartments of pyramidal 

cells. 

For example, axo-axonic cells target axon initial segments, basket cells target cell bodies 

and proximal dendrites, Schaffer collateral associated interneurons target dendritic 

regions of pyramidal cells and OLM cells target distal dendrites.  

This interneurone type-specific firing patterns point to a role in structuring the activity of 

pyramidal cells via their respective target domain and accurately timing and 

synchronizing pyramidal cell discharge rather than simply providing generalized 

inhibition.(Somogyi & Klausberger, 2005)  

In 2008, Klausberger and Somogyi published a slightly modified classification including 

21 subtypes of interneurons (fig. 1.5). It is, therefore, obvious that appropriate 

classification of GABAergic neurons will require more extensive studies.  
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Distinct role of inhibition related to its location on pyramidal cell 

Hippocampal synaptic inhibition is mediated by distinct groups of inhibitory cells. Some 

contact pyramidal cells perisomatically, while others target their dendrites.  In general, 

interneurons that innervate pyramidal cell dendrites are considered responsible for the 

control of the efficacy and plasticity of glutamatergic inputs from specific sources that 

terminate in the same dendritic domain. On the other hand, interneurons targeting the 

perisomatic region seem to control the output and the synchrony of action potentials of 

large principal cell populations. (T. F. Freund & Katona, 2007)  

Miles et. al., 1996, examined perisomatic and dendritic inhibition by recording from CA3 

inhibitory and pyramidal cells. They showed that dendritic inhibitory terminals were 

consistently smaller than perisomatic terminals, having smaller active zones and fewer 

mitochondria. They also showed that single IPSPs initiated by perisomatic inhibitory 

cells could suppress repetitive discharge of sodium-dependent action potentials and could 

regulate efferent signaling. On the other hand, activation of inhibitory cells targeting 

dendrites could suppress calcium-dependent spikes and that way could control the 

efficacy of afferent inputs. This way they showed that distinct inhibitory cells may 

differentially control dendritic electrogenesis and axonal output of hippocampal 

pyramidal cells. (Miles, Tóth, Gulyás, Hájos, & Freund, 1996) 

Royer et.al., 2012, distinguished perisomatic and dendritic inhibition in hippocampal area 

CA1 of mice by the expression of paralbumin or somatostatin respectively. By silencing 

either PV or SOM interneurons the firing rates of pyramidal cells selectively increased in 

their place fields. SOM interneuron silencing powerfully increased burst firing of 

pyramidal cells and since burst firing is particularly effective at promoting synaptic 

plasticity and downstream excitation, this finding suggests that dendritic inhibition is 

critical for selecting the CA1 inputs to be strengthened and the CA1 outputs to be most 

effectively transmitted to downstream areas. Thus, according to them dendritic inhibition 

is potentially an important component of the input comparison type of computation 

hypothesized to be performed in area CA1. On the other hand, PV interneuron silencing  

Figure 1.5 Classification of interneurons by (Klausberger & Somogyi, 2008) 
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shifted the spikes theta phase of pyramidal cells ,while it had no effect on burst firing. So, 

perisomatic inhibition was found more effective at regulating spike timing than dendritic 

inhibition. Moreover, the strength of somatic and dendritic inhibition evolved in an 

interleaved manner across the place field. The strongest PV interneuron mediated 

inhibitory effects were present at the beginning of the place field while the strongest 

SOM interneuron mediated inhibitory effects were present at the end of the place field. 

Their findings indicate that perisomatic and dendritic inhibition have distinct roles in 

controlling the rate, burst and timing of hippocampal pyramidal cells. (Royer et al., 2012) 

In 2012, Muller et. al, showed that repeated excitation of recurrent inhibitory 

micronetworks at theta frequences resulted in  significant reduction of the inhibitory 

signal in  the str. radiatum and str. oriens, while the inhibitory signal in str. lacunosum 

was persistant. According to them, the perforant path input is less strongly regulated by 

recurrent inhibition, when compared to Schaffer collateral input. However, repetitive 

CA1 pyramidal neuron activity at theta frequency resulted in a slightly increased local 

inhibition. Therefore, they conclude that the proper integration of both perforant path and 

Schaffer collateral excitatory inputs during theta activity, which is thought to be critically 

relevant for long-term spatial memory consolidation, may depend on the differential 

recruitment of recurrent interneurons.(Müller, Beck, Coulter, & Remy, 2012) 
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2. AIM OF THIS STUDY 
Since O’Keefe’s discovery of hippocampal place cells, in the early 1970s, a large body of 

research has been devoted to improving our understanding of their functional role and the 

emergence of their firing properties. In this study we examine how place cells emerge 

applying a theoretical model (Solstad, Moser, & Einevoll, 2006) which proposes that 

place cells can emerge from grid entorhinal input. We use a validated, detailed 

biophysical model of a CA1 pyramidal neuron (Poirazi et al, 2003) and we investigate 

under which conditions it can act as a place cell. Specifically, we design grid-like inputs 

with which we stimulate the distal dendrites of the CA1 cell. We add inhibition and theta 

rhythm modulation and we record the output of the CA1 cell. Then, we compare this 

output under different magnitude of inhibition and theta modulation alterations. 
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3. METHODS 
In this work we study the firing properties of a CA1 model pyramidal cell neuron that 

receives grid-cell-modulated and theta-modulated synaptic inputs in its distal and 

proximal apical dendrites. We used a previously published and validated detailed 

compartmental model of a CA1 pyramidal neuron (Poirazi, Brannon, & Mel, 2003), 

(Gómez González, Mel, & Poirazi, 2011). In order to study the convergence of grid cells 

into the single CA1 and the emergence of place cell firing, we followed the model of grid 

cell convergence proposed by (Solstad et al., 2006), which suggests that grid-like patterns 

should have different orientation and spacings, but similar phase. I order to implement 

this model we do the following steps: 

1. Generation of a hypothetical trajectory, which represents the movement of an 

animal in a small flat square  

2. Grid cell construction, by precomputing firing rate of grid-like patterns. We then 

compute spike trains taking into account both trajectory and grid cell patterns 

3. Apply theta modulation to these spike trains  according to a sinusoidal 

probability  

4. Stimulate the dendrites of CA1 by placing synapses that are driven by the spike 

trains computed above  

5. Add inhibitory theta modulated synapses to selected dendrites of the CA1 model 

6. Analyze the output of the CA1 pyramidal 

These steps are more extensively described below. The simulations were performed in 

the NEURON simulation environment. 

 

 

3.1 Trajectory creation (MATLAB) 
We simulated the path the animal follows while exploring a square open field of 50cmX 

50cm size (the testfield) for 80 sec (fig.3.1).  This size allows us to perform simulations 

in which the trajectory covers a large part of the available space, thus allowing us to 

study the response of the cell in the space in a reasonable simulation time. The duration 

of the simulation is adequate for the animal to pass the locations enough times and in this 

way we expect to have statistical acceptable results. In order to generate the trajectory, 
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the algorithm calculates each time the spatial location (x,y) adding to the previous 

location a number,  based on an angle that is chosen from a uniform  probability 

distribution. This angle, that the animal turns as moving each time, varies from 0° to 14° 

and the step calculated is smaller than 1 cm. If the rat reaches the walls of the testfield, 

then it changes direction (angle of 180°). (Matlab code is provided in Supplement 

Material) 

 
 

 

    

3.2 Grid cell formation (MATLAB) 

 

Figure 3.1 Trajectory 

The blue line indicates the path the animal has followed during its navigation inside the testfield. 



 

17 
 

 

 
The firing rate of a grid cell (its grid field) is defined by three parameters that we 

have already mentioned, the spacing (lambda, λ), the orientation (theta) and the spatial 

phase (r). The grid cell field was constructed by the summation of three two-dimensional 

sinusoidal grating functions, specified by their wave vectors k, with 60 and 120 degrees 

angular differences (fig. 1) and adjusted so the firing-rate values would be between 0 to 

gmax (based on Solstad et al, 2006): 

 
The set w = (λ, theta, r) specifies these three parameters of the grid field. Grid 

functions can take any random value for orientation and for spatial phase, but the value of 

spacing ranged from 28cm to 73cm. If the CA1 pyramidal cell is considered to be in the 

dorsal hippocampus, it would receive projections from the most dorsal 25% of the MEC 

that has the above range in spacing (Hafting et al, 2005). 

We generated simulated spike trains that represent the firing of grid fields as the animal 

traverses the trajectory which we generated above.  In order to do that, we first computed 

the firing probabilities of the grid cells throughout the space. Grid fields were construct 

by the summation  of 3 sinusoidal grating functions with 60° and 120° angular difference 

(see Matlab code). We varied the number of different grid fields and we used grid cells 

with different spacing (λ) and orientation (θ) but similar phases (x0, y0), according to 

(Solstad et. al, 2006) model. We used grid cells with different spacing (λ) and orientation 

Figure 3.2 Grid cell construction (Matlab) 

Probability distribution of a sample of grid cells, which differ in spacing and orientation, but have 

common phase. Their linear summation leads to the (iv) which has the higher spiking probability in 

the location where the grids have adding effect. Three grid patterns are shown, which differ in 

spacing and orientation. If we linearly add 10 of these grids place field emerge from augmentation 

of a central peak and cancellation of surrounding peaks of grid-cell patterns  

 

  
+ + 

iii) i) iv) ii) 
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(θ) but similar phases (x0, y0), according to the (Solstad et. al,2006)  model which 

predicts  place cell formation by the convergence of various grid field inputs (with 

different spacing and orientation , but similar grid phases) which combine linearly. Then, 

taking into account grid-like patterns and the trajectory we generate artificial spike trains 

which are modulated by theta rhythm, as follows. 

  

3.3 Theta modulation 
Excitation and inhibition in the hippocampus are known to be modulated by the theta 

rhythm during wakefulness activity such as active movement, which we simulate here. 

We thus modulated our generated spike trains by a theta rhythm. In addition, the 

inhibitory input, which is delivered by random spike trains, was also theta-modulated.  

The firing activity of grid cell and inhibitory inputs is modulated by a periodic sinusoidal 

firing probability (as shown in fig.3.3) that simulates hippocampal theta rhythm: 

sin (2*pi*theta_frequency*i/1000+ theta_phase)+1)/2 , where 

theta frequency=8Hz 

theta phase=0  

i: time 

Spike trains after theta modulation have the highest probability at the top of theta and 

lowest at the trough.  

 

 

Figure 3.3 Theta rhythm (8 Hz, period=125 ms) 
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3.4 CA1 pyramidal model neuron 

 

 
The excitatory inputs derived from grid cells were delivered randomly to the terminal 

distal apical dendrites (SLM) of a biophysically constrained, detailed compartmental 

CA1 pyramidal cell model (Poirazi et al., 2003) 

Each dendrite (basal, proximal apical, distal apical, oblique or on trunk) and the soma 

constitute different compartments.  Compartments are further divided to sections in order 

to manipulate the model in a more realistic way, e.g. when adding synapses. 

The model contains a number of channels that mediate ions (Na+, Ca+2, K+) and have a 

variety of kinetics which can depend on the membrane potential or the concentration of 

ions. The dendrites of the neuron are grouped in different groups with respect to their 

location in space and the layer in which they reside. We specifically used the group of 

SLM dendrites (dendrites which reside in the stratum laconusum-moleculare) to target 

the excitation as described below.  

 

3.5 SIMULATION PROTOCOL 
We apply the calculated input spike trains as inputs to the 19 SLM dendrites in the apical 

tuft of the CA1 model. Each grid cell form a number of synapses distributed on one or 

Figure 3.4 CA1 pyramidal model neuron with green (excitatory synapses) and red (inhibitory 

synapses) spots on its dendrites. (NEURON simulation environment) 
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more SLM dendrites randomly (20 grid patterns-grid cells and ~19 SLM dendrites). SLM 

inhibition was applied to the same dendrites, while proximal inhibition was applied to 

proximal apical dendrites in the Stratum Radiatum (SR). 

We simulated the generated animal trajectory by running the simulation for a total 

duration of 80 seconds in each simulation trial in the NEURON simulation environment. 

The simulated voltage recordings from the soma of the CA1 were used to further analyze 

the response properties of the CA1 cell in MATLAB. 

We used the following excitation and inhibition as standard protocol and changes of it 

will be described separately in each experiment.  

 

Excitation Standard Protocol: 

We applied a number of excitatory synapses varying from 100-350 synapses in total to 

the SLM apical tuft dendrites. Each dendrite had randomly selected grid inputs (non-

clustered).  For comparison purposes, in most of the experiments we used 250 SLM 

excitatory synapses, according to (Megías, Emri, Freund, & Gulyás, 2001).  

100-450 excitatory synapses from grid simulated patterns, theta modulated, 0° phase 

firing regarding to theta (=max probability of firing when on top of the theta oscillation, 

firing phase regarding to theta =0°) 

Additional, background activation of 50 excitatory synapses was applied to basal (39 

synapses) and apical (19 synapse) dendrites, which resulted in a mean firing frequency of  

0.67 Hz at the model cell.  More than 50 background (bg) synapses were enough to excite 

our cell in the absence of additional excitation and this is why we kept background 

excitation to this level. Synapses were also randomly applied to the dendrites. 

 

Inhibition Standard Protocol 

Inhibition was applied to distal (SLM) and proximal (SR) dendrites. These inhibitory 

pathways are known to be active in different phases of the theta rhythm (Somogyi & 

Klausberger, 2005), (Mizuseki, Sirota, Pastalkova, & Buzsáki, 2009). We varied the 

number of synapses in both locations between 0-450. Synapses on SLM dendrites had a 

mean firing frequency of 50Hz whereas synapses on proximal (SR) dendrites had a mean 
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firing frequency of 30Hz, which are properties of the CA1 model. (Gómez González et 

al., 2011) 

 

Theta modulation Standard Protocol   

Theta rhythm was simulated as a sinusoidal function which filters the firing probability of 

the inputs. SLM synapses, which are formed from grid cells and inhibitory neurons 

projecting at SLM dendrites, are known to fire at the peak of theta (0° phase) and thus 

theta allows these spikes to occur at its top. On the contrary, proximal inhibition, which 

comes from different types of interneurons, is known to be active at the trough of theta 

(180° phase delay) and thus theta modulation increases at the trough of theta for these 

synapses. 

Thus, grid input and SLM inhibitory synapses where in phase, whereas proximal 

inhibition was 180 ° out of phase, according to (Mizuseki, Sirota, Pastalkova, & Buzsáki, 

2009) 

 

3.6 Analysis of place field 
 

From the recorded CA1 voltage traces we extracted the timing of spikes of the CA1 

neuron in each position in space and time. We used the following measures to 

characterize place cells, according to previous studies (Fenton et al, 2008) , (Cacucci, 

Wills, Lever, Giese, & O’Keefe, 2007) and (Skaggs, McNaughton, Wilson, & Barnes, 

1996) 

 

1. Place field size, is the standard deviation of spike locations, which shows the 

dispersion of the spikes (std units) in x and y axes.  

2. In-field rate (AP/s), mean firing rate in expected field is calculated by dividing the 

number of spikes that are located inside the expected place field by the time the animal 

spent there. We define as “expected place field” the area within the confines of the circle, 

which has center the common grid offset (x,y)=(25,15) and  radius 12 cm. We used this 

definition, in order to be able to compare the spikes (and firing rate) in a constant part of 
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space and not in an area that was changing constantly, according the sparsity of the spikes 

each time. 

3. Firing rate (AP/s), mean firing rate in the whole path, it was calculated by dividing 

the total number of generated spikes with the total time 

4. Percentage of spikes inside the expected field: the fraction of the spikes located in 

the expected field from the total number of spikes. 

5. Spatial information content (bits/spike): 𝐼(𝑅|𝑋) ≈ ∑ 𝑝(�⃗�𝑖)𝑖 𝑓(�⃗�𝑖) log2(𝑓(�⃗�𝑖)
𝐹

) 

The estimate of the information I (R|X) between firing rate R and location X    

𝑝(�⃗�𝑖) : the probability for the animal being at location xi, 

𝑓(�⃗�𝑖): the firing rate observed at xi, 

F: the overall firing rate of the cell 

It is a measure of the extent to which the firing of a cell can be used to predict the 

position of the animal. (Proposed by Skaggs et al. 1993) 

We classify as place cell the CA1 cell when its In-field rate is greater than 2 Hz and at 

best 5 Hz (Mizuseki & Buzsáki, 2013), field size is less than 8 cm and at best less than 

5cm and the percentage of spikes inside the expected place field is above 80%. We have 

not specified a strict cut off for a place cell formation, since in experimental bibliography 

we did not find such strict definitions. However, experimental data support that diameter 

of place cells can be less than 20 cm in the dorsal hippocampus where CA1region is 

found and is increasing towards ventral hippocampus (Muller et al., 1987; Kjelstrup et 

al., 2006).  

 

3.7 Simulated experiments performed in this study: 

Experiment 1. Formation of place cells from grid cell input  

We stimulted the same number/type of synapses (250 SLM excitatory, 50 bg excitatory, 

100 SLM inhibitory, 100 proximal inhibitory) in two different cases: in the first case, we 

used grid-like patterns for SLM excitation, as previously mentioned; in the second case 

we generated spike trains from a normal distribution, which have no spatial information, 

but they are theta modulated. 
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Experiment 2. Effect of local inhibition in place cell formation 

In order to examine the effects of inhibition and possible distinct effect of the different 

types of inhibition (SLM or proximal) we progressively increased their strength by 

increasing the number of activated synapses from 0 to 450 synapses with a step of 50 

synapses. 

We used a number of SLM excitatory synapses varying between 100 and 350 with a step 

of 50. Synapses where theta modulated according to the standard protocol. 

 

Experiment 3. Effect of theta rhythm on place cell formation 

I) Absence or presence of theta rhythm 

1. Total absence of theta modulation. 

In this experiment we removed theta modulation from all excitatory and inhibitory 

synapses  

2. Absence of theta modulation from grid cell inputs 

In this experiment we removed theta modulation from grid excitatory input on SLM 

dendrites 

3. Absence of theta modulation from inhibitory inputs 

In this experiment we removed theta modulation from inhibitory input on SLM and 

proximal dendrites 

II) Altered firing phase related to theta rhythm 

In order to see the effect of the relative phase to theta we changed the relative firing 

phase of inhibition so that we had 

1. SLM inhibition 180° (instead of 0°) and proximal inhibition 180°. In this way all 

inhibition is in phase but it is 180 ° out of phase from excitation.  

2. SLM inhibition 0° and proximal inhibition phase 0° (instead of 180°) 

3. SLM 180° (instead of 0°) and proximal 0°(instead of 180°) 
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Experiment 4. Manipulation of grid cell inputs  

4.1 Grid number 

In order to explore if the number of the different grid patterns has an effect on the CA1 

cell outcome, we used a number of grid patterns varying from 5, 10, 20, 30, 40 different 

patterns. We wanted to test a theoretical study, in which they used a range of 4 to 50 grid 

like patterns. We wanted to see what is the optimal number of grid patterns for our study. 

We used 250 SLM excitatory synapses, 100 inhibitory SLM synapses, 100 Proximal 

inhibitory synapses, all  theta modulated and 50 background excitatory synapses 

Grid spacing varied between 0.4-8.4, with a step of 0.2 units 

Grid angle varied between 0 – 20, with a step of 0.5 units 

Grid phase is the same (x0,y0)=(25,15) 

 

4.2 Grid phase 

Aim: in this experiment we wanted to test the theory of Solstad (Solstad et al., 2006), 

according to which all Grid inputs should have the same phase in order to form a place 

cell. For this reason we added a phase jitter of 5%, which means that the offset vertex 

was up to a radius =2,5 cm of the main offset which was on (x,y)=(25,15) and the range 

of phases with 5% jitter would be (22,5-27,5 on x axis and 12,5-17,5 on y axis. In other 

words: (x,y)=( 22.5-27.5,12.5-17.5). 10 % jitter means that the phase of the grid cells 

would be inside the range:  for x axis: (20-30) and for y axis : (10-20), (x,y)=(20-30, 10-

20). Random jitter means that the offset instead of (x,y)=(25,15) could take any 

coordinate of the testfield, which is (x,y)=(0-50,0-50) 

A) In this experiment we examined what would be the output of the CA1 model neuron if 

we apply grid patterns with phase jitter. We compared 4 cases in which grid patterns had: 

1.similar phase (0 jitter), 2.Grid phase with 5% jitter, 3.Grid phase 10% jitter and 

4.Completely random grid phase 

The changes in the algorithm for grid cell and spike trains construction are the following :  

phase=(25,15)initial value + unifrnd(-2.5, 2.5) , for 5% phase jitter 

phase=(25,15)initial value + unifrnd(-5,5), for 10% phase jitter 

phase=(25,15)initial value+((-25,25),(-15,15)), for random phase 
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B) Following experiment A, we wanted to see if 5% phase jitter can be tolerated by our 

model, if we increase the grid-like patterns, the probability of the precomputed spike 

trains and the number of grid patterns. 

In this experiment we used three numbers of different grid patterns; 20, 30 and 40  

We also changed the algorithm for spike trains, using the following values, in order to 

increase the probability of grid cell spiking  

p>0.6 and p*3/5>unifrnd(0.1) 

 

 

4. RESULTS 

4.1 Validation of the model: Place cell formation using grid 

excitatory input 
In order to show that our model CA1 pyramidal neuron can exhibit spatially dependent 

responses when driven by grid cell input, we stimulated the cell using precomputed grid 

cell spike trains (see Methods). For comparison we stimulated the cell with the same 

number of synapses which had random spike train patterns. 

In the following experiments we applied 250 SLM excitatory synapses, 0-200 SLM 

inhibitory synapses, 0-200 proximal inhibitory synapses, theta modulation according to 

the standard protocol (see methods for firing timing comparing to theta), 20 different grid 

patterns and 20 different random excitatory patterns. 

Using random (without any spatial patterning) excitatory inputs instead of grid pattern 

inputs we observe that the CA1 cell is more excitable in the whole tested area (testfield) 

and its firing frequency (hereby termed ff) is from 3 to 6 times higher than in the grid 

pattern case (fig. 4.1). However, even though a lower ff using grid input spikes do not 

cover the entire testfield (fig. 4.2) but are more restricted forming a smaller place field 

size (fig 4.3). Additionally, spatial information is higher, using grid inputs, which means 

the ff of the CA1 can be informative of the spikes’ location (fig. 4.3) when excitatory 

input is grid pattern. We also observe that there is difference using more inhibition, which 

can be expected, since more inhibition cuts more spikes, but nevertheless we investigate 

this in the following experiments. 
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Figure 4.2 Spatial information when excitatory input has a grid pattern or a random pattern, 

for two levels of proximal inhibition 

We observe that with random excitatory input the output of the CA1 model cell has very low 

information content  

Figure 4.1 Mean firing frequency when excitatory input has a grid pattern or a random 

pattern, for two levels of proximal inhibition. We observe that ff is lower with grid input 
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4.2 Validation of the model-Exploration of the grid number and the 

grid phase 

4.2.1 GRID NUMBER 
In order to find the optimal grid-like pattern combination to use in our experiments, we 

altered the number of different grid fields from 5 to 40, as proposed by the theoretical 

model (Solstad et al., 2006). In all experiments we have kept the same number and firing 

frequency of synapses. We observe that increasing the number of grid-like patterns 

results in a decrease of the field size. Use of 20 such input patterns leads to the desirable 

size of about 5 cm (fig. 4.4). The field size is large for fewer than 20 patterns, while 

above 20 patterns the field size reaches a constant value. We also observe that the 

percentage of spikes inside the expected place field is higher when using 20 different 

Grid patterns (fig 4.5). The spatial information is also higher when using 20 patterns and 

decreases slightly if more patterns are used (fig 4.6) whereas the firing rate (fig. 4.7) 

increases the number of grid patterns grows above 20. 
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Figure 4.3 Field size for two levels of proximal inhibition and Grid or random SLM 

inputs. We observe that field size is smaller when using grid excitatory input 
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Figure 4.5 Percentage of spikes inside the expected place field 

We observe that increasing the number of grid patterns more spikes are concentrated inside the 

expected place field  

Figure 4.4 Field size  

We observe that spikes are at greater distance from the center of the field when there is a small 

number of different grid patterns (n grid=5) and it decreases with greater numbers of grid patterns. 

Thus, place field size is restricted by increasing the number of grid field patterns.  
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Figure 4.7 In-field rate (Mean firing frequency inside the expected place field) 

We observe a slight decrease in ff between 5 and 10 grid patterns, but then increasing the number 

of grid patterns ff also increases 

 

Figure 4.6 Spatial Information  

We observe initially an increase in spatial information as the number of grid cell increases up to 

20 patterns and then we observe a slight decrease. 



 

30 
 

4.2.2 GRID PHASE 
These experiments were conducted in order to Verify the theory of Solstad’s paper and to 

prove that grid phase must not have random values, but all grid patterns should have 

almost similar phases. Also, we wanted to extend this theory applying it to a biophysical 

model and see whether the model could develop non linearities. Grid phase was changed 

to 5%, 10% jitter and completely random and we used 5, 10, 20, 30 and 40 different grid 

patterns 
 
A) Comparing phase jitter 
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Figure 4.8 Field size 

Spikes are sparse when grid phase is not similar among the grid cells and the firing pattern of CA1 

is not restricted to a small region, but covers all the testfield. Increasing SLM inhibition place field 

size is decreasing, not because the spikes are less sparse, but because they are less in number. 
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Figure 4.10 Percentage of spikes inside the expected place field 

In 80 SLM inh, more spikes are outside the place field when grid phase is not 

similar. Increasing inh in 10% and random there are no spikes. This may occur 

due to the high inhibition, which reduces all the spikes, but especially those 

outside the place field  

Figure 4.9 Mean Firing rate in expected field 

We observe that the cell has low firing rate when there isgrid  phase jitter   
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B)  In order to test that the biophysical model we use can tolerate 5% grid phase jitter, we examined  
whether place cells could be formed in the biophysical model with grid patterns of 5% phase jitter , if we 
increased the number of grid like patterns and  increased their firing probability 
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Figure 4.12 Percentage of spikes inside the expected place field 

Figure 4.11 Mean firing rate in expected field 

Firing rate is increasing inside the expected place field while increasing the different 

grid pattern. This happens because a high number of spacings lead to single firing 
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4.3 INHIBITION 

    Exploring the magnitude and location of inhibition 
 

Multiple studies (Somogyi & Klausberger, 2005),(Isaacson & Scanziani, 2011) have 

shown that inhibition  regulates the output of the principal neurons. Different types of 

interneurons conduct synapses with different layers of the principal cells and these 

interneurons are supposed to have distinct effect. In order to examine the effect of the 

location of inhibition (SLM or proximal inhibition) and the effect of its magnitude we 

conducted the following experiment, changing the number of the synapses. 

  

We observe, as expected that firing rate decreases as total inhibition increases. We 

measured the mean firing rate in the whole exploration time, which did not provide clear 

information about the real ff of the cell, because it provided information for the whole 

testfield and the whole time of exploration and thus the ff was smaller, since the spikes 
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Figure 4.13 Field size (STD of spikes on x axis) 
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we observed only in a certain location, for a certain time period where finally divided 

with the whole time of the simulation.  

As we see in the fig 4.14, the presence of inhibition crucially shapes the firing pattern of 

the CA1 neuron in favor of place cell. 

We observe that inhibition shapes the firing position in favor of place cell formation by 

reducing field size (fig. 4.15) and increasing the percentage of spikes inside the expected 

place field (fig. 4.17). We observe that when proximal inhibition is 0, by increasing SLM 

inhibition field size is restricted to the level of a place field, as shown in fig. 4.15. 

However, as shown in fig. 4.20 increasing proximal inhibition, when keeping SLM  

inhibition at 0 synapses, the field size takes over the entire testfield and does not form 

place field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.14  The path that the animal follows (blue line) and the spikes (red spots) of the pyramidal cell. We 
observe that spikes on the path are restricted inside a blue circle (the expected place field) as inhibition is 
increasing. We have used 250 SLM excitatory synapses 
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Figure 4.15 Field size (Std of spikes on x axis) 

In this figure we demonstrate two examples of proximal inhibition (0, 50) and a range of SLM inhibition 

which varies from 0 to 250 synapses, with a step of 40 -50 synapses and.  

Field size decreases as SLM inhibition progressively increases. We observe that the pattern is similar 

either with zero or 50 proximal inhibition. However, in the curve with 50 proximal inhibition, field size 

is restricted in the desirable values with less SLM inhibition. Thus, the total magnitude of inhibition 

determines place cell formation. Since SLM excitatory synapses were 250, as inhibition progressively 

increases and reaches more than 250 synapses it makes the cell finally silent. 
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Figure 4.16 Mean firing rate in expected field 

In this figure we demonstrate two examples of proximal inhibition (0, 100) and a range of SLM 

inhibition which varies from 0 to 250 synapses, with a step of 40 -50 synapses and. We see the values of 

mean firing rate (ff) inside the expected field. Ff is very high with zero or low inhibition and by 

increasing inhibition we observe, as expected, decrease in ff. Since SLM excitatory synapses were 250, 

as inhibition progressively increases makes the cell finally silent.  
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Figure 4.18 Mean firing rate in expected field 

We observe how proximal inhibition influences firing rate (ff) and we compare three different 

values of SLM inhibition (0, 50, 100 synapses). We see, as expected that increasing total inhibition 

firing rate decreases in a similar pattern for the three SLM inhibition examples. However, 

proximal inhibition, after a certain amount of 200 synapses, has very low effect on  ff. 

Figure 4.17 Percentage of spikes inside the expected place field 

In this figure we demonstrate two examples of proximal inhibition (0, 50) and a range of SLM 

inhibition which varies from 0 to 250 synapses, with a step of 40 -50 synapses and. By 

increasing inhibition we observe, that a higher percentage of spikes is located inside the 

expected place field. Above 80% of spikes inside the place field is observed with total inhibition 

of more than 150 synapses. 
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Figure 4.20 Field size  

In this figure we use 250 excitatory SLM synapses and we increase inhibition. We test how proximal 

inhibition influences field size in three values SLM inhibition (0, 50, 100 SLM synapses). We observe 

that increasing proximal inhibition field size is decreasing to the desirable size (5cm) in a similar 

pattern for the two SLM inhibition examples (50 and 100 SLM inhibitory synapses). Also, we observe 

that without any SLM inhibition field size keeps high values and is not decreased to the desirable size. 

 

Figure 4.19 Percentage of spikes inside the field 

Increasing proximal inhibition more spikes are inside the place field.. However, a certain amount 

of SLM inhibition is needed, since its absence (zero  SLM inhibition)no more than 40% of spikes 

are inside the place field, even with increased proximal inhibitory synapses,  
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4.4 THETA rhythm modulation changes  
Absence of theta modulation in inhibition and/or excitation 

In order to explore the role of theta oscillation in excitation and inhibition we conducted 

experiments using or removing this modulation. We had designed the experiments so that 

the theta oscillation was a filter for the excitatory or inhibitory synapses, which had the 

maximum probability of firing on the top of the oscillation and the lowest probability at the 

trough of it. We compared the control case, where theta rhythm modulation is present, 

according to the standard protocol (see methods) and 3 distinct cases, where theta was 

either totally absent, or absent only from the inhibition or only from the excitation. We 

conducted the experiment for a certain amount of excitation (250 SLM synapses) and a 

magnitude of inhibition which varied from 0 to 200 synapses with a step of 50 synapses.  

  

4.4.1 Total absence of theta modulation      

When we remove theta modulation totally, from both excitatory and inhibitory synapses, 

we observe that CA1 cell is more excitable and the firing rate is higher (fig. 4.12). As 

shown in fig. 4.11 when proximal inhibition is up to 100 synapses, spikes appear all over 

the testfield forming large field size, which covers the whole testfield and thus place cell 

Main remarks regarding inhibition 

• Increasing inhibition, CA1 cell firing was progressively restricted inside an area 

that represented the “predicted” space where the summation of the grid cells had 

the maximum firing rate. This coincides with the common phase grid cells had. 

• SLM inhibition is determining and necessary for the place cell formation. Solely 

proximal inhibition is not adequate for place cell formation. 

• Proximal inhibition even though not essential, when present decreases the needed 

amount of SLM inhibition for place cell formation.  

• Increasing inhibition firing rate is decreasing. However, there is certain magnitude 

of inhibition, that firing rate and field size indicate place cell with a restricted field 

size and a plausible firing rate. 
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cannot be formed. Additionally, when proximal inhibition is more than 100 synapses there 

is a sudden cut off, firing rate reaches zero Hz and the CA1 cell is silent. This pattern is 

observed when SLM inhibition is less than 150 synapses. Applying more SLM inhibition 

there is a short window of total inhibition magnitude that leads to an acceptable field size 

(fig. 4.21) and firing rate (Supplement fig. 6.2). 

 

 

 

Figure 4.21 Field size 

We observe how field size changes by increasing proximal inhibition in the two experiments, 

control and absence of theta. When proximal inhibition is up to 100 synapses, spikes appear 

all over the testfield forming large field size and thus place cell cannot be formed. 

Additionally, when proximal inhibition is more than 100 synapses field size is zero and the 

CA1 cell is silent. (SLM inhibition=10, SLM excitation=250) 
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Figure 4.22 Mean firing rate in expected field 

This figure shows the mean firing rate inside the expected place field by increasing 

proximal inhibition. We see that the cell is more excitable without theta modulation and at 

proximal inhibition>150 there is a cut off, when the cell becomes suddenly silent.  
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MAIN REMARKS REGARDING total ABSENCE OF THETA 

• In absence of theta modulation spikes are either allowed everywhere or after 

increasing proximal inhibition they disappear. On the contrary, when theta is 

present, even with increase of inhibition mean firing rate in the place field and 

place field size remain stable. 

• Place field can be formed in a very narrow window of total inhibition. With low 

inhibition spikes are everywhere and with high ff, while with high inhibition there 

is a sudden cutoff and spikes do not occur (zero ff and field size) 

• Distinct effect of proximal and SLM inhibition: 

After a certain amount of proximal inhibition there is a sudden cut off, which does 

not happen by increasing SLM inhibition 

 

Figure 4.23 Field size in absence of theta modulated in both excitation and inhibition 

We observe that when proximal inhibition is more than 100 synapses, even with no SLM 

inhibition, place field size is shrink and tends to disappear increasing SLM inhibition. This is not 

the case when applying the same amount of SLM inhibition. Thus, it seems that proximal 

inhibition has a stronger effect on CA1 firing.  
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4.4.2 Absence of theta modulation from  grid cell  inputs 

Next, we examined the case where grid excitatory input is not modulated by theta 

rhythm.  As we observe in fig. 4.24, field size covers the entire testfield and spikes are 

not restricted in the smaller area that could be regarded as place field. Even with 

inhibition greater than excitation (250 SLM excitation versus 100 SLM + 200 proximal 

inhibitory synapses) spikes continue to be sparse. Additionally, as we observe in fig. 4.25 

the cell is more excitable and has high firing rate, without conforming place cell though. 

However, as we observe in fig. 4.26 examining CA1 cell’s output in the whole range of 

inhibitory synapses combinations, we observe that there is a small window of inhibition 

combinations that field size and ff are inside the accepted values for place cell formation. 

 

 

Figure 4.24 Field size  

We observe that with no theta modulation on grid input field size is much larger than the 

control case and covers the entire testfield. 
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Figure 4.25 Mean firing rate in expected field 

We observe that when grid input is not theta modulated the cell is more active in low inhibition and 

less active in high inhibition magnitude. 
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MAIN REMARKS REGARDING ABSENCE OF THETA RHYTHM FROM GRID 

INPUT 

• When grid input is not coordinated by theta rhythm spikes occur everywhere in 

the testfield ( large field size) 

• When inhibition is low, the firing frequency is high and while increasing 

inhibition ff is decreasing, as expected, but without reaching a more stable value, 

as happens in presence of theta 

• Increasing inhibition spikes are less, but  not restricted in inside the expected 

place field  

• Field size and firing rate values are inside the accepted values for place field 

formation for a very narrow window of total inhibition combinations 

 

Figure 4.26 Place field size in absence of theta modulation from grid excitatory input. 

Changes in field size, by increasing both types of inhibition. We observe that the cell has highly 

sparse spikes, which do not form place cell. However, we observe that there are some 

values(indicated by red circles) of total inhibition (SLM inh=200 & proximal inh=50,100) that 

std~=5, which means that spikes are restricted and place field can be formed 
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4.4.3 Absence of theta modulation from inhibitory inputs  

Next, we examined the CA1 cell’s output increasing inhibition while having removed 

theta modulation from proximal and SLM inhibition. As we observe in fig 4.27, firing 

rate gradually decreases as inhibition increases. Also, as shown in fig 4.28 field size is 

high suddenly declines, after a certain amount of proximal inhibition (150 synapses). 

Examining a wider spectrum of inhibition, we observe in fig 4.29 that the effect of 

inhibition in restricting field size is present in very few combinations of inhibition.  

 

 

 
Figure 4.27 Mean firing rate in expected field, increasing proximal inhibition 
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Figure 4.29 Field size in absence of theta modulation from inhibition  

By increasing both types of inhibition we observe that  field size is inside the accepted range in 

few combinations of excitation, indicated by red circles. 

 

Figure 4.28 Field size, increasing proximal inhibition 
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MAIN REMARKS REGARDING NON THETA MODULATION IN INHIBITION 

• Field size is large and disappears after a certain amount of inhibition  

Whereas it remains stable with theta  

• Ff is very high when inhibition is low, but it quickly declines after adding 

inhibition 

 

4.4.4 Altered firing phase of inhibition regarding to theta  

In this experiment we examine the effect of theta relative phase in inhibition. In all cases 

we use 250 SLM excitatory synapses, 100 proximal inhibitory and 40-80 SLM inhibitory 

synapses. The control case is according to the standard protocol, which indicates that 

SLM inhibition has 0°phase and proximal inhibition 180° phase relative to theta. As we 

see in fig. 4.30 the cell is more excitable in the altered cases, especially when both types 

of inhibition are 180°out of phase comparing to excitation. However, spikes occur mainly 

outside the expected place field, as shown in fig 4.32 and as a result ff inside the expected 

place field is lower, shown in fig 4.31.  
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Figure 4.30 Mean firing frequency 

The cell is more excitable all over the testfield in the altered cases of relative theta 

phase 
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Figure 4.32 Percentage of spikes inside the expected place field 

We observe that in altered cases spikes mainly occur outside the expected place field.  

Figure 4.31 In-field rate (250 SLM excitation, 100 proximal inhibition synapses) 

We compare the 4 cases of altered firing phase relative to theta in two paradigms of SLM 

excitation: 40 and 80 synapses. Firstly, we observe that the pattern of SLM 40 and SLM 80 is the 

same, with lower ff in SLM 80, which is higher inhibition. Also, we observe that the control case 

(SLM phase 0° and proximal phase 180° relative to theta) keeps the highest ff inside the expected 

place field. 
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5. DISCUSSION  
Our first experiments, in which we use grid-like and random excitatory input, confirm the 

theoretical model that predicts place cell formation by the convergence of multiple grid 

cells of different orientations and spacings, but similar grid phase.  Using random input, 

CA1 cell is more excitable, but spikes emerge everywhere and field size covers the entire 

testfield. As expected, random input does not provide any spatial information to the 

pyramidal CA1 cell and place cell cannot be formed.  

 

Next, using a range of different grid cell patterns which varies from 5 to 40 we concluded 

that 20 different grid-like patterns we have the optimal firing rate and place field size and 

thus it is the optimal number for our simulations. Even though by using more than 20 

grid-like patterns firing rate increases, this is due to the increased scale of grid fields, 

which is progressively larger in a way that in our 50x50 open field arena it happens these 

grid cells to form single firing fields and thus behave as a place cells. It is known that 

CA1 place cell receive its most afferent fibers from CA3 place cells. CA3 fibers target 

stratum radiatum, which is a different layer than stratum lacunosum-moleculare (SLM), 

where entorhinal inputs end. Thus, even though it is known that place cells (CA3) 

influence other place cells (CA1), in this study we examine only the case of entorhinal 

input to CA1 SLM region. Previous studies have shown that about 100-1000 entorhinal 

cells converge to a given place cell (Amaral, Ishizuka, & Claiborne, 1990);(Rapp, 

Deroche, Mao, Burwell, & Neurobiology, 2002). However, the exact percentage of each 

principal cell type in entorhinal cortex is not known, even though it is known that grid 

cells are the most abundant type.  Additionally, in our experiment we had the restriction 

that the physiological range of grid spacing is 28-73 cm and using high grid patterns 

number on one hand we overcome these physiological values and on the other hand we 

create place cell patterns in our 50x50 open field.  

Furthermore, we examined the case that grid phase is not similar, but has a jitter of 5 and 

10%. Our results indicate that similar grid phase is needed in order to form place cells, as 

it is suggested by the theoretical model of Solstad (Solstad et al., 2006), which we apply 

to our model. However, in our biophysical CA1 model, a gird phase jitter of 5% can be 
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tolerated and place cell can be formed only if we use more grid-like patterns and increase 

the probability of spiking of the grid cells. 

 

Next, we interestingly found that inhibition is critical for the generation of place fields. 

In particular, inhibition acts as a filter, limiting the spiking area to the region where the 

total probability of spiking of the grid fields is the highest. Thus, inhibition shapes the 

spikes location in favor of place cell formation by reducing field size and increasing the 

percentage of spikes inside the expected place. 

Using inhibition on SLM and proximal apical dendrites, spikes are restricted mainly from 

the area outside the expected place field. With low or no inhibition firing rate is high and 

spikes occur all over the testfield, so place cell firing does not occur. Adding more 

inhibition firing rate decreases, but spikes are located inside a specific location, which 

forms the place field. By adding more inhibitory synapses, ff of the place cell is 

decreasing even more. However, there is an amount of inhibition which best balance the 

location the spikes occur and their frequency. In this way, for a given number of SLM 

excitatory synapses we can choose the optimal number of SLM and proximal inhibitory 

synapses so as to have a satisfactory firing rate with a realistic percentage of spikes 

located in the place field. 

Additionally, we found that firing rate decreases as inhibition increases for a certain 

amount of excitation, which is something expected. However, we should emphasize that 

the spikes outside the expected field are influenced the most by inhibition. Thus, 

increasing inhibition spikes are substantially restricted inside this part of the test field we 

call place field and CA1 cell behaves as place cell. 

Furthermore, taking into account studies (Spruston, 2008) that support that Basket cells, 

which target perisomatic regions, are likely to reduce the probability of firing during the 

activation of all excitatory synapses, whereas hippocampal OLM interneurons which 

target the apical tuft, are likely to selectively affect the activation of distal apical 

synapses, we wanted to show a separate effect of inhibition in the two layers and we 

conducted experiments changing SLM and proximal inhibition. We compared how the 

firing rate and place field size change. Interestingly, we notice that inhibition has 

different effect in shaping the firing pattern of the CA1.We notice that even with 0 
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proximal inhibitory synapses, we can achieve place field formation. On the other hand, 

even when proximal inhibition is more than 100% of proximal excitation (250 synapses) 

no place field emerges when we provide 0 SLM inhibitory synapses. This indicates that 

SLM inhibition is more determining in shaping the place field. These experiments gave 

as some basic clues for the distinct role of SLM and proximal inhibition in place field 

formation. In our model, SLM inhibitory input seems to have a more critical effect than 

proximal inhibitory input in place field formation, since no place field emerges without 

any SLM inhibitory synapses. The above could be tested experimentally, by inactivating 

inhibition exclusively targeted to SLM dendrites, such as inactivating O-LM 

interneurons.   

What is more, when we examined the electrical traces from the dendrites and the soma 

we noticed that the two types of inhibitory input might have a different effect. It seemed 

that proximal inhibition has a more intense effect in decreasing generation of spike 

bursts. This is in contrast with some experimental results (Royer et al., 2012). and in 

agreement with others (Miles et. al., 1996). In order for a comparison to be possible, we 

defined spike bursts as the other researchers do and extracted measurements in a common 

way. By doing further analysis, we found out that our cell was bursty only when 

inhibition was very low inhibition, which was when there was no place cell formation. 

Also, we found that the cell was not bursty in that optimal proportion of excitation and 

inhibition, when place cell could be formed. 

Even though we observe the critical role of SLM inhibition, we must not forget that our 

main excitatory input is delivered at this stratum. In other words, SLM inhibition and grid 

excitation (SLM) are applied simultaneously (in phase relative to theta) and at the same 

stratum, whereas proximal inhibition  is applied to stratum radiatum  and out of phase, 

with a delay of 180°, which is about 62 ms delay in our experiments. Thus, the distinct 

role of inhibition could be either due to the different layers on CA1 cell they target or due 

to the synchronized SLM excitation and inhibition. This led to further experiments, in 

which we changed the phase regarding to theta rhythm. 

All in all, the role of inhibition is determining in restricting the location of spikes into a 

specific area of the environment, the place field.  The presence of SLM inhibition is 

critical and has higher effect on the ff than the proximal inhibition. Even though, place 
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field is shaped if we omit proximal inhibition, its presence lowers the needed magnitude 

of SLM inhibition in order to form place cells. Therefore, inhibition should be present 

and should at least be in two locations, distally in SLM apical tuft dendrites and 

proximally in the apical dendrites near the soma.  

 

Next, we examined the role of theta rhythm by removing it from excitatory or/and 

inhibitory synapses or by altering the firing timing of the same synapses regarding to 

theta. In completely non theta experiments, we found two dominant conditions. On one 

hand, the cell was very active with spikes covering all the open field area and with high 

ff. On the other hand, cell was almost silent, with very few or zero spikes. These two 

conditions were separated by a certain amount of inhibition (>100 proximal inhibitory 

synapses), which appeared to act as a sharp cutoff, after which suddenly the cell was 

silent. The same pattern is observed in absence of theta from inhibition, but in more 

modest way. In grid non theta experiments one dominant condition is observed, where 

the cell is highly active, spikes occur everywhere and cover the entire space. In this case, 

inhibition has lost its effect to restrict the spikes inside the expected place field area. 

However, in all cases, after examining the output of the cell in the whole spectrum of 

inhibition magnitude, we found out that there is a small window of inhibition 

combinations that field size and ff are inside the accepted range for place cell formation. 

Comparing to control cases, in presence of theta modulation, there are much more 

combinations of inhibition which form place cell, which leads to the conclusion that theta 

modulation increases robustness.  

Thus, theta absence removes the spike coordination and the regulation of the excitatory 

by the inhibitory input and thus allows spikes to occur more frequently and in more 

places, increasing ff and field size. This means that inhibition dominates and excitation 

has very little power. Additionally, proximal inhibition seems to have a larger effect than 

SLM inhibition, because it sets a cutoff until which excitation is fully allowed.  On the 

contrary, in presence of theta rhythm, field size and ff have a smooth decline by 

increasing inhibition. Therefore, we found that theta rhythm is an essential component in 

our model since it coordinates excitation and inhibition in a way that favors place cell 

formation. However, there is evidence that questions the importance of theta rhythm in 



 

54 
 

shaping place cells by grid input, supporting that lesioning medial septum and 

inactivating theta oscillations place fields still emerge (Hayman & Burgess, 2014). 

Therefore, more studies need to be done in order to shed light into the role of oscillations 

in place cells function. 

 

In general, it is known that CA1 pyramidal cells have several afferent inputs and the most 

aberrant derive mainly from CA3 region and secondly from EC. In our model we have 

not included CA3 input, which as we have already mentioned targets SR region of the 

CA1 pyramidal neuron due to several reasons. Firstly, we applied a theoretical model 

(Solstad et al., 2006) for place cell formation, which proposes only grid cell input. 

Secondly, there are several studies that show that lesioning CA3 input, EC is adequate in 

forming place cells even though not that precise (Vegard H Brun et al., 2002) and also by 

lesioning EC direct input to CA1 place fields are impaired (Vegard Heimly Brun, 

Leutgeb, et al., 2008). Third, studies  (Spruston, 2008) support that synapses at different 

dendritic locations are specialized to perform different functions and therefore, inputs 

from CA3 are integrated differently from those from EC. In our experiments we focus on 

dendritic computations underlying the SLM region with apical tuft dendrites, which gives 

us the advantage of a simple model (one excitatory input) which at the same time can be 

realistic, given the experimental data. Through our experiments we confirm at first place 

that place cells in CA1 region can be formed by solely grid excitatory input in a 

biophysical CA1 model neuron.  

 

Nevertheless, a lot of research needs to be done further in order to figure out how place 

cells emerge and shed light into the specific role of different cells and inputs to place 

cells. There is evidence that favors grid cell’s basic role, on which we have based our 

study. Additional studies support that grid cells are the most abundant cell type in 

superficial mEC which sends the main input to place cells from EC. Proximal CA1 is less 

spatial and receives the less mEC input (it receives mostly lEC input, which is non-spatial 

info) and along the dorso-ventral axis both grid and place cells increase their scale (Bush 

et al., 2014).  
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However, there is also evidence in favor of other space and non-space specific cells, 

which explain other properties of place cells. For example, remapping is a characteristic 

that cannot be addressed by the current study. Studies support that place cells change 

their firing pattern (remap) after changes in the boundaries of the arena the animal 

explores, which can be owed to boundary cells. Additionally, when the rat runs in a linear 

track, place cells remap as the rat changes direction, which can be owed head-direction 

cells (Jeffery, 2007). Furthermore, when the visual or other sensory cues of the 

environment change place cells remap, which can be caused by the non-space specific 

cells that reside in lEC and target hippocampus, as well (Jeffery, 2011). The above 

conditions cause mainly rate remapping in place cells. Global remapping occurs when 

major changes happen in the environment, such as when the open field, in which the rat 

navigates, is moved to a different location, which means that the absolute coordinates 

change and this coincides with grid cell remapping. Thus, it can be inferred that place 

cells are determined by different kind of cells or their combinations, according to specific 

occasions (Bush et al., 2014). Moreover, during development only border and head 

direction cells exhibit adult-like firing patterns at age 16-18 days, when rats start to 

explore their environment which shows that they are critical to form hippocampal place 

cells  (Bjerknes, Moser, & Moser, 2014) 

Additionally, studies support two hypothesis of place cell encoding of the external 

environment. According to the dedicated coding hypothesis, which is close to our model, 

place cells with single place fields can independently estimate the current location, 

whereas the ensemble-coding hypothesis supports that a population of place cells can 

precisely represent the animal’s location. Ensemble-coding hypothesis is still valid even 

if place cells have multiple firing fields, something that is supported to occur in large 

environments (Fenton et al., 2008), (Geva-sagiv et al., 2015)  

Place cells may have different response when an environment is novel and when it is 

familiar and also when an animal is old or young (McNaughton, Battaglia, Jensen, 

Moser, & Moser, 2006) 

 

The experiments and theories that try to explain how hippocampus functions and how 

external environment is encoded can have a direct impact in understanding human mental 
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diseases, which study can help further this research. For example, there are several 

mental diseases that affect our sense of location and our sense of orientation. Such 

diseases could arise due to malfunction in hippocampal formation and para-hippocampal 

regions and could include dementia, e.g. Alzheimer’s, and Turner (Hong, Kent, & Kesler, 

2011) syndrome. Patients suffering from dementia do not know how to return home and 

Turner women have difficulties in orientation and visual-spatial tasks. Importantly, the 

knowledge acquired by studying hippocampus is abig step for a better treatment of such 

patients. 
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6. Supplement 

Theta rhythm modulation  
 

 
 

 
 

 

Total absence of theta modulation 
 

Figure 6.1 Field size (control)  

We see how field size changes by increasing both proximal and SLM inhibition, in presence of theta 

rhythm (standard simulation protocol). Size decreases by progressively increasing both types of 

inhibition, with  SLM excitation stable at 250 synapses. Reaching a certain amount of inhibition, 

around total inhibitory synapses of 150, the size of the field reaches an acceptable range of 5-8 cm. 

Red circles indicate when(in which magnitude of total inhibition) field size and ff are inside the 

acceptable range. 
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Figure 6.3 Field size in altered firing phase of inhibition relative to theta 

Figure 6.2 Mean firing rate inside the expected field, non-theta modulation 
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