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GABAergic Contributions to Gating, Timing, and Phase Precession of
Hippocampal Neuronal Activity During Theta Oscillations

Vassilis Cutsuridis*! and Michael Hasselmo?

ABSTRACT:  Successful spatial exploration requires gating, storage, and
retrieval of spatial memories in the correct order. The hippocampus is
known to play an important role in the temporal organization of spatial in-
formation. Temporally ordered spatial memories are encoded and
retrieved by the firing rate and phase of hippocampal pyramidal cells and
inhibitory interneurons with respect to ongoing network theta oscillations
paced by intra- and extrahippocampal areas. Much is known about the an-
atomical, physiological, and molecular characteristics as well as the con-
nectivity and synaptic properties of various cell types in the hippocampal
microcircuits, but how these detailed properties of individual neurons give
rise to temporal organization of spatial memories remains unclear. We
present a model of the hippocampal CA1 microcircuit based on observed
biophysical properties of pyramidal cells and six types of inhibitory inter-
neurons: axo-axonic, basket, bistratistified, neurogliaform, ivy, and oriens
lacunosum-moleculare cells. The model simulates a virtual rat running on
a linear track. Excitatory transient inputs come from the entorhinal cortex
(EC) and the CA3 Schaffer collaterals and impinge on both the pyramidal
cells and inhibitory interneurons, whereas inhibitory inputs from the
medial septum impinge only on the inhibitory interneurons. Dopamine
operates as a gate-keeper modulating the spatial memory flow to the PC
distal dendrites in a frequency-dependent manner. A mechanism for spike-
timing-dependent plasticity in distal and proximal PC dendrites consisting
of three calcium detectors, which responds to the instantaneous calcium
level and its time course in the dendrite, is used to model the plasticity
effects. The model simulates the timing of firing of different hippocampal
cell types relative to theta oscillations, and proposes functional roles for
the different classes of the hippocampal and septal inhibitory interneurons
in the correct ordering of spatial memories as well as in the generation
and maintenance of theta phase precession of pyramidal cells (place cells)
in CA1. The model leads to a number of experimentally testable predic-
tions that may lead to a better understanding of the biophysical computa-
tions in the hippocampus and medial septum. o 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Episodic memory is the memory of autobiographical events at specific

computer model; hippocampus; inhibitory interneurons;

times and places. For example, returning home by car from a new desti-
nation requires remembering a spatiotemporal trajectory through specific
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streets including a sequence of landmarks at different
positions. The hippocampus is a key brain structure
known to link spatial memories (e.g. landmarks) to-
gether in a sequential manner across time. Retrieving
these spatial memories in the correct order is instru-
mental if one wants to return home on time for
dinner.

The encoding and retrieval of spatiotemporal
sequences may involve the activity of pyramidal cells
(place cells) in the hippocampus. The firing rate and
phase of place cells changes with respect to theta oscil-
lations (O’Keefe and Recce, 1993; Wilson et al,,
1993; Skaggs et al., 1996; Johnson and Redish,
2007). Theta oscillations (4—10 Hz) are observed dur-
ing exploration in animals and rapid eye movement
sleep (Buzsaki, 2002). During exploration hippocam-
pal place cells have been shown to systematically shift
their phase of firing to earlier phases of the theta
thythm as the animal transverses the place field (a
phenomenon known as theta phase precession)
(O’Keefe and Recce, 1993; Skaggs et al., 1996).

In recent years an expansion of knowledge about
the anatomical, physiological, and molecular charac-
teristics as well as the connectivity and synaptic prop-
erties of the various cell types in the hippocampal
microcircuits has occurred (Cutsuridis et al., 2010).
Pyramidal cells (PCs) in region CAl receive inputs
through the perforant path from layer III of the ento-
rhinal cortex (EC) in their distal dendrites and from
the CA3 Schaffer collaterals as a portion of the trisy-
naptic loop to their proximal dendrites. The effects of
these inputs in the distal and proximal dendrites are
also subject to effects of neuromodulators such as do-
pamine and acetylcholine (Cobb and Lawrence,
2010). The effects of dopamine have been shown to
be location- (Otmakhova and Lisman, 1999) and fre-
quency-dependent (Ito and Schumann, 2007). When
DA is applied to a bathing solution, the field-EPSP
evoked by the EC stimulation is depressed, whereas
the fEPSP by the CA3 Schaffer collateral (SC) path-
way stimulation remains unaltered (Otmakhova and
Lisman, 1999). A recent study by Ito and Schuman
(2007) showed DA to act as a gate on the EC cortical
input to the CAl PC distal dendrites, modulating the
information flow and the synaptic plasticity in a fre-
quency-dependent manner. PCs in region CAl have
been theorized to compare the inputs from EC and
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CA3 to detect either novelty (Vinogradova, 2001), mismatch
of expectations (Hasselmo and Schnell, 1994), or activation of
retrieval mechanisms (Lee and Kesner, 2004).

At least 21 different types of inhibitory interneurons have
been identified in region CA1 of the hippocampus (Klausberger
et al., 2005; Somogyi and Klausberger, 2005; Jinno et al.,
2007; Fuentealba et al., 2008a,b, 2010). These cells are distin-
guished based on their anatomical, morphological, pharmaco-
logical, and physiological properties (Ascoli et al., 2008). These
include the axo-axonic cells (AAC), the perisomatic basket cells
(BC) and the dendritic bistratified (BSC), ivy (IVY), neuroglia-
form (NGL) and oriens lacunosum-moleculare (OLM) cells
(Somogyi and Klausberger, 2005; Fuentealba et al., 2008).
AACs innervate exclusively the initial axonal segment of the
CA1 PC, whereas BCs innervate their cell bodies and proximal
dendrites (Somogyi and Klausberger, 2005). BSCs and IVYs in-
nervate the PC basal and oblique dendrites, whereas OLM and
NGL cells target the apical dendritic tuft of PCs aligned with
the EC input (Somogyi and Klausberger, 2005; Fuentealba
et al., 2008; Capogna, 2011). AACs and BCs receive excitatory
inputs from both the EC and the CA3 Schaffer collaterals,
whereas the BSCs receive inputs only from CA3 and the NGLs
only from the EC (Somogyi and Klausberger, 2005; Capogna,
2011). IVYs and OLMs are recurrently excited by the CAl
PCs (Somogyi and Klausberger, 2005; Fuentealba et al,
2008a,b).

PCs, AACs, BCs, BSCs, IVYs, NGLs, and OLMs have been
shown to display diverse firing patterns during network oscilla-
tions (Klausberger and Somogyi, 2008; Fuentealba et al.,
2008a,b, 2010; Cobb and Vida, 2010). The firing patterns of
inhibitory interneurons may have different functional roles
(Cutsuridis, Cobb and Graham, 2010). For example, gamma
oscillations constitute a basic clock and have been linked to a
variety of cognitive phenomena (Colgin et al., 2009). Gamma
oscillations in region CA1l of the hippocampus split into dis-
tinct fast and slow frequency components that differentially
couple CA1 to inputs from the medial entorhinal cortex (fast)
and the CA3 (slow) (Colgin et al., 2009). A computational
study by Hasselmo and colleagues (2002) showed theta oscilla-
tions to be involved in memory formation by phasing encoding
and retrieval in different functional sub-cycles of theta. Experi-
mental evidence has shown that during theta oscillations
OLMs, BSCs, IVYs and PCs fire at the trough of theta
recorded in stratum pyramidale, whereas AACs, BCs and
NGLs fire at the peak of theta (Klausberger and Somogyi,
2008; Fuentealba et al., 2008a,b, 2010). Cutsuridis et al.
(2008, 2009, 2010) were the first to demonstrate the biological
feasibility of the separation of storage and recall processes into
separate theta subcycles while suggesting functional roles for
the theta modulated AAC, BC, BSC, and OLM cells. Accord-
ing to these computational studies (Cutsuridis et al., 2008,
2009, 2010) during the encoding process AACs and BCs exert
powerful inhibitory control to PCs, which prevents them from
firing and the information from "leaking out.”" During the re-
trieval process BSC inhibition is needed for accurate recall of a
previously stored pattern by contributing to the thresholding of
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pyramidal cell firing, whereas OLM inhibition is effective at
removing spurious EC input which may interfere with pattern
recall.

Theta rhythm in the hippocampus has been shown to be
paced by the medial septal (MS) GABAergic neurons (Winson,
1978; Vertes and Kocsis, 1997). The MS and the hippocampus
are reciprocally connected (Toth et al., 1993). The parvalbu-
min-immunoreactive GABAergic neurons of MS (Freund,
1989), have been shown to selectively innervate GABAergic
interneurons in the hippocampus (Freund and Antal, 1988),
which in turn project back to MS and inhibit the MS
GABAergic neurons (Toth et al., 1993). GABAergic MS neu-
rons form two distinct populations exhibiting highly regular
bursting activity that is coupled to either the trough or the
peak of hippocampal theta waves (Borhegyi et al., 2004).

Cutsuridis et al. (2008, 2009) were the first to introduce a
detailed biophysical model of the CA1 microcircuit in order to
investigate how storage and recall are controlled in CAl in the
presence of various inhibitory interneurons and as a function of
input pattern loading and presentation frequency. The neuronal
diversity, morphology, ionic, and synaptic properties, connectiv-
ity, and spatial distribution closely followed known experimen-
tal evidence of the hippocampal microcircuitry (Cutsuridis
et al., 2010). In a subsequent modeling study, Cutsuridis et al.
(2010) extended the model of the CA1l microcircuitry to test
its recall performance of new and previously stored stazic pat-
terns as well as its memory capacity in the presence/absence of
various inhibitory interneurons.

In this article, we extended these models and investigated
how gating, encoding, and retrieval of spatial memories in the
correct order are achieved by the CAl pyramidal cells during
theta oscillations in the presence of different forms of hippo-
campal and septal inhibition. In contrast to previous models
(Cutsuridis et al., 2008, 2010; Cutsuridis and Wennekers,
2009), our model used simplified morphologies of pyramidal
cells and inhibitory interneurons. Our network consisted of an
AAC, a BC, a BSC, an OLM, four IVYs, and four NGLs (see
Fig. 1). Distal and proximal dendrites of the PCs were excited
by EC perforant path and CA3 Schaffer collateral inputs
(Witter, 2010). Hippocampal inhibitory interneurons were
inhibited by MS inputs (Freund and Antal, 1988). Excitatory
and inhibitory inputs to PC distal dendrites were modulated
by dopamine (DA), which acted as a gate-keeper opening and
closing the gate in the PC distal dendrites in a frequency-de-
pendent manner (Ito and Schumann, 2007). Plasticity effects
in the distal and proximal PC dendrites were measured via a
mechanism for spike-timing-dependent plasticity (STDP),
which responded to the instantaneous calcium level and its
time course in the dendrite (see Fig. 2). Our model simulated
accurately the timing of firing of different hippocampal cell
types relative to theta oscillations (Borhegyi et al., 2004; Klasu-
berger and Somogyi, 2008). Also, our model addressed two im-
portant issues: (1) what are the roles of the different experi-
mentally reported classes of hippocampal and septal inhibitory
interneurons (Borhegyi et al., 2004; Klasuberger and Somogyi,
2008) in the correct ordering of spatial memories in CAl, and
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FIGURE 1. Hippocampal CAl microcircuit showing major cell
types and their connectivity. Black arrow lines: excitatory input con-
nections. Black filled circles: CAl inhibitory connections. Light
gray arrow lines: PC excitatory connections. Dark gray filled circles:

(2) how the hippocampal and septal inhibitory interneurons
contribute to the generation and maintenance of theta phase
precession of pyramidal cells (place cells) in CAl. Preliminary
results of this work have been published in Cutsuridis and Has-
selmo (2010) and Cutsuridis et al. (2011).

METHODS

Out of a wide range of possible models of region CAl with
different cell types, cell numbers, connectivities, and possible
spike inputs timings and although experimental evidence has
shown that the relative percentages of pyramidal cells to inhibi-
tory interneurons are 90% to 10% (Baude et al., 2007; Cutsur-
idis et al., 2010b), we, instead, modeled the present minimal
canonical CAl microcircuit (see Fig. 1), whose properties are
detailed in the subsequent subsections, consisting of only four
PCs and six types of inhibitory interneurons: a BC, an AAC, a
BSC, four IVYs, four NGLs, and an OLM cell, in order to
investigate the biophysical mechanisms by which pyramidal
cells in CA1 (1) gate, encode, and retrieve spatial memories in
the correct order in the presence of various forms of intra- and
extrahippocampal inhibition, (2) time their activities with
respect to other CAl and septal interneurons during theta
oscillations, and (3) manage to systematically shift their phase
of firing to earlier phases of the theta rhythm as the animal
transverses the place field (theta phase precession) as it has
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septal inhibitory connections. EC: Layer III entothinal cortical
input. CA3: CA3 Schaffer collateral input. PC: pyramidal cell. AAC:
axo-axonic cell. BC: basket cell. BSC: bistratified cell. OLM: oriens
lacunosum-moleculare cell. NGL: neurogliaform cell. IVY: ivy cell.

experimentally been observed in animals transversing a linear
track (O’Keefe and Recce, 1993; Skaggs et al., 1996).

In the model, IVYs, although never reported to be as numer-
ous as PCs, are local interneurons in stratum radiatum (SR)
recurrently excited by the PCs (Fuentealba et al., 2008a,b).
Similarly, NGLs, although never reported to be as numerous as
PCs, are local interneurons in lacunosum-moleculare (LM)
layer modulating the perforant path input to each PC’s distal
dendrites (Fuentealba et al., 2010). Hence, we considered four
IVYs and four NGLs in our network, each as the SR and LM
inhibitory companion of each PC.

Hodgkin-Huxley mathematical formalism was used to
describe the ionic and synaptic mechanisms of all cells (see Ap-
pendix). The biophysical properties of each cell were adapted
from cell types reported in the literature (White et al., 1998;
Dickson et al., 2000; Fransen et al., 2002, 2004; Kunec et al.,
2005; Cutsuridis and Wennekers, 2009; Cutsuridis and Has-

selmo, 2010; Cutsuridis et al., 2008, 2010, 2011).

Pyramidal Cells

Each CAl PC consisted of four compartments: an axon, a
soma, a proximal dendrite, and a distal dendrite. Active proper-
ties included a fast Na™ current, a delayed K rectifier current,
a low-voltage-activated (LVA) L-type Ca>* current, an A-type
K* current, an h-current and a calcium-activated mAHP K™
current (see the Appendix for mathematical details of these
currents). The conductance of the h-current was set to 0.005

Hippocampus
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FIGURE 2. Pyramidal cell model with calcium detectors in
distal and proximal dendrites. Synaptic plasticity at the dendritic
synapses (circled regions) is governed by two model calcium detec-
tor systems. P: potentiation detector; A, B: intermediate elements;
D: depression detector activated by B and vetoed by V; V: veto de-
tector; W: synaptic weight. P and D compete to influence the plas-
ticity variable W, which serves as a measure of the sign and magni-
tude of synaptic strength changes from the baseline.

mS/cm? at the soma, 0.01 mS/cm? at the proximal dendrite,
and 0.02 mS/cm” at the distal dendrite. No recurrent connec-
tions were assumed between PCs in the network.

Fach CA1 PC received AMPA and NMDA excitation from
the CA3 Schaffer collaterals and entorhinal cortex (EC) in their
proximal and distal dendrites, respectively, and GABA, synap-
tic inhibition from BC cells to the soma, from AAC cells to
the axon, from BSC and IVY cells to the proximal dendrite
and from NGL and OLM cells to the distal dendrite.

Inhibitory Interneurons

All inhibitory interneurons (INs) consisted of a single com-
partment (soma). Active properties of BC, AAC, BSC, and
IVY included a fast Na‘, a delayed rectifier K", a leakage,
and a type-A K currents (Cutsuridis et al., 2010; Cutsuridis
and Hasselmo, 2010). Active properties of the OLM cell
included a fast Na™ current, a delayed rectifier K*
persistent Na™ current, a leakage current, and an h-current
(White et al., 1998; Dickson et al., 2000; Fransen et al., 2002,
2004; Kunec et al., 2005; Cutsuridis and Hasselmo, 2010),
whereas those of the NGL cell included a fast Na*
delayed rectifier K*
pendix for mathemartical details of these currents).

AAC and BC received excitatory inputs from the EC perfo-
rant path and the CA3 Schaffer collaterals and inhibition from
the medial septum (MS). AAC was modeled as a burst cell
turning on and off before the BC, as it was depicted by the

current, a

current, a
current and a leakage current (see the Ap-

Klausberger and Somogyi (2008) study, where the firing rate
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response of AAC ends before the firing rate response of BC [see
Fig. 2 in Klausberger and Somogyi’s study (2008)]. BC was mod-
eled as a slow integrator [see Fig. 2 in Klausberger and Somogyi’s
study (2008)]. The BC received additional inhibition from the
BSC. The BSC was excited by the CA3 Schaffer collateral input
only, inhibited by the MS and the BC. Each IVY cell in the net-
work was recurrently excited by its companion PC. NGL cells
were excited by the EC input only and inhibited by the OLM
cell (Capogna, 2011). The OLM cell received recurrent excita-
tion from all PCs and feedforward inhibition from the MS.

Model Inputs

The dynamics of the network were influenced by a number
of external inputs. Excitatory inputs (spikes) to network cells
originated from the EC and the CA3 Schaffer collaterals,
whereas external GABA, inhibitory input originated from the
MS. The EC input excited the distal dendrites of the PCs,
whereas the CA3 input excited the proximal dendrites.

Each pyramidal cell in the network received a different set of EC
and CA3 inputs (PC; was excited by EC; and CA3,, PC, by EC,
and CA3,, PC; by EC; and CA3; and PC,4 by EC4 and CA3y) (see
Fig. 1). The proper order by which the EC and CA3 inputs were
presented to each PC (EC; and CA3; first, followed by EC, and
CA3,, then by EC; and CA3; and finally by EC4 and CAy) was
ensured (gated) by dopamine in the LM layer (see Dopamine Mod-
ulation section for details). The duration of each set of EC and
CA3 inputs is 2,250 ms [this corresponds to nine theta cycles, each
theta cycle with duration of 250 ms; this was designed to match the
average number of theta cycles within a place field (Maurer and
McNaughton, 2007)]. The presentation frequencies of the EC and
CA3 inputs are set to 100 Hz (interspike interval, ISI = 10 ms)
and 50 Hz (ISI = 20 ms), respectively (Colgin et al., 2009).

Inhibitory MS inputs (spikes) were turned on and off at specific
phases of the theta thythm. One MS input was turned on near the
peak of the extracellular theta (MS;g,) (Borhegyi et al., 2004),
whereas the other one near its trough (MSs¢0) (Dragoi et al., 1999).
All network inhibitory interneurons except for the IVY and NGL
cells were inhibited by the MS inputs (Borhegyi et al., 2004).

Presynaptic GABAg Inhibition

A presynaptic GABAg inhibition that cyclically changed with
respect to the external theta rthythm (Molyneaux and Hasselmo,
2002) modulated the strength of Schaffer collateral input to
the PC proximal synapses. This GABA modulation was mod-
eled with a 50% reductive scaling of the CA3 input strength
during the peak phase of each theta cycle and a lack of reduc-
tive scaling of the CA3 input strength during the trough phase
(Cutsuridis et al., 2010).

Synaptic Plasticity
A mechanism for STDP in each PC dendrite was used to
model plasticity effects. The mechanism had a modular struc-

ture consisting of three biochemical detectors: a potentiation
(P) detector, a depression (D) detector, and a veto (V) detector



(Rubin et al., 2005). Each detector responded to the instantaneous
calcium level and its time course in the dendrite. The potentiation
(P) detector triggered LTP every time the calcium levels were above
a high-threshold (4 pM). The depression (D) detector detected
calcium levels exceeding a low threshold level (0.6 pM). When the
calcium levels remained above this threshold for a minimum time
period, LTD was triggered. The veto (V) detector detected levels
exceeding a midlevel threshold (2 pM) and triggered a veto to the
D response. P and D compete to influence the plasticity variable
W [see Eq. (30)], which serves as a measure of the sign and magni-
tude of synaptic strength changes from the baseline.

Calcium entered the neuron through: (1) voltage-gated cal-
cium channels (VGCCs) and (2) NMDA channels located at
each dendrite. Plasticity resulted from the synergistic action of
these two calcium sources (NMDA and VGCC). A graphical
schematic of the model pyramidal cell and its calcium detectors
for STDP is shown in Figure 2.

During the peak phases of theta the AMPA and NMDA
synaptic conductances in the proximal dendrite of the PCs
were modeled as

gsyn:(WS'w“’W)'gmax (1)

where w; is the scaling factor (set to 0.5 for the present simula-
tions) due to presynaptic GABAp inhibition, w is synaptic
strength, and W is given by Eq. (29). During the trough phases
of theta the GABAg inhibition was removed (i.e. w, = 1) and
the proximal AMPA and NMDA conductances were described as,

Gyn = (W + W) - gmax (2)

During theta the AMPA and NMDA synaptic conductances in
the distal dendrites of the pyramidal cells were described by

&syn = (w+ W) * &max (3)

Dopamine Modulation

In the hippocampus the primary targets of DA are the subic-
ulum and region CA1 (Gasbarri et al., 1997). In CA1l, the dis-
tal and proximal dendrites of pyramidal neurons are both tar-
geted by the DAergic neurons (Cobb and Lawrence, 2010).
Previous studies have shown that when DA is applied to the
bathing solution, the field-EPSP (fEPSP) evoked by the EC
temporoammonic (TA) pathway stimulation is depressed,
whereas the fEPSP by the CA3 Schaffer collateral (SC) pathway
stimulation remains unaltered (Otmakhova and Lisman, 1999).
Subsequent studies by Ito and Schuman (2007) demonstrated
that DA acts as a gate on the direct cortical input to the CAl
PC distal dendrites, modulating the information flow and the
synaptic plasticity in a frequency-dependent manner. During
low frequency stimulation, DA depresses the excitatory TA
inputs to both CA1l pyramidal cells and NGL interneurons via
presynaptic inhibition, whereas during high frequency stimula-
tion, DA potently facilitates the TA excitatory drive onto CAl
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FIGURE 3. (A) Voltage traces of a pyramidal cell (place cell)
firing inside its firing field with respect to the external theta oscil-
lation in the presence of high frequency EC (100 Hz) input and
NGL inhibition. All other inhibitory cells, although present in this
simulation run, do not connect with the pyramidal cell, but only
with each other. The NGL cell discharges during the peak phase of
theta and remains silent during the trough phase of theta due to
the recurrent OLM inhibition, which discharges during the trough
phase of theta (see Fig. 7D). In order to simulate the high-pass fil-
ter properties of DA during high frequency stimulation (i.e. when
the cell is inside its place field), then the strength of the NGL inhi-
bition to PC distal dendrites remained unchanged and the DA
level is reduced to 0.73, thus reducing the inhibitory effects of the
NGL to PC distal dendrite. Note the presence of high frequency
dendritic spikes at the distal PC dendrites even in the presence of
high frequency NGL inhibition. These distal PC dendritic spikes
propagate to the PC soma and generate action potentials. The PC
discharge frequency increases in every subsequent theta cycle due
to the continuously increasing synaptic weight in the proximal and

distal PC dendrites due to STDP (data not shown).

pyramidal neurons, while diminishing the feedforward NGL
inhibition to the distal PC dendrites.

Although we did not explicitly model the activity of DA
cells, we assumed a tonic presence of DA and modeled effects
of the tonic DA in the following way [see Eq. (50)]: when a
pyramidal cell (place cell) was inside its place field, then high
frequency EC stimulation impinged on both NGL interneuron
and the PC distal dendrite. During this high frequency stimula-
tion environment, the strength of the NGL inhibition to the
PC distal dendrites was set to 1.1 (wpglcopc = 1.1), whereas
the DA level was set to 0.73, thus reducing the inhibitory
effect of the NGL cell to the PC distal dendrite and hence
opening the gate. Dendritic spikes in the distal PC dendtites
are evident, which propagate to the PC soma and generate
action potentials (see Fig. 3). On the other hand, when a place
cell was outside its place field, then both PC and NGL neurons
received low frequency EC and CA3 stimulations [one to three
spikes per theta cycle (Alonso and Garcia-Austt, 1987)].
Although the strength of the NGL inhibition to PC distal den-
drites remained unchanged, the modulation level of DA on the
strength of the NGL inhibition was increased to 1 in order to

Hippocampus
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FIGURE 4. Voltage traces of a pyramidal cell (place cell) firing

outside its firing field in the presence of low frequency EC input,
DA modulation, and NGL inhibition. All other inhibitory cells,
although present in this simulation run, do not connect with the
pyramidal cell, but only with each other. The strength of the NGL
inhibition to PC distal dendrites (NG t0.pc) is set to 1.1 and the
DA level to 1, in order to simulate the closing of the gate by DA
(see Dopamine Modulation section for details). Note the pyramidal
cell fires at low frequency (at most one spike per theta cycle) due
to the increased feedforward NGL inhibition.

simulate the closing of the gate by DA. The low-frequency
stimulation then allowed the NGL to feedforwardly inhibit the
PC distal dendrites, thus causing the PC to stop firing or at
most fire one spike per theta cycle (see Fig. 4).

RESULTS

Gating and Timing of Spatial Memories During
Theta Oscillations

Successful spatial navigation requires the encoding (storage)
and retrieval (remembering) of spatial locations in the hippo-
campus in a sequential manner across time. In this article,
encoding refers to the modification of synapses of place cells
responding to sequentially visited locations. Retrieval refers to
the sequential reactivation of the next place cell by activity in
the place cell that preceded it during encoding. Successful re-
trieval of spatial memories in time requires encoding these
memories in the correct order. Such an ordering of memories
may be accomplished by the opening of gates (gating) in the
correct order. Gating refers to the regulation of inhibitory
influences to allow the appropriate neural activity during spe-
cific functional phases. Below we describe the mechanisms by
which gating, encoding, and retrieval of spatial memories may
occur in region CAl of the hippocampus.

The virtual paradigm we simulated was a rat running on a
linear track (see Fig. 5). In our environment the rat had to visit
four places (“place 1,” “place 2,” “place 3,” and “place 4”) in
order to traverse the track. Each place was encoded by a differ-
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ent pyramidal cell (place cell) in the CAl network (“place 17
by PC;, “place 2” by PC,, “place 3” by PC; and “place 4” by
PCy), which fired at high frequency when the cell was inside
its place field (see Fig. 3) and at low frequency (or did not fire)
when the cell was outside the PF (see Fig. 4). The time the rat
spent inside a PF was equal to the duration of nine theta
cycles, with each theta cycle lasting 250 ms, a total duration of
2,250 ms. This was used to model the average duration of run-
ning time through an individual place field (Maurer and
McNaughton, 2007). At time # = 0 ms and when the PC,;
(place cell) was inside its place field (0-2,250 ms), a high fre-
quency (100 Hz) input from EC; excited both the NGL;
interneuron and the distal PC; dendrite.

During this high frequency input for the PC;, the selective
effects of DA modulation on high frequency input opened the
gate to encoding and retrieval by PC; of the place 1 memory
pattern (EC;) and its context (CA3;) during the theta oscilla-
tion. DA opened this gate by setting the strength of the NGL,
inhibition to PC; distal dendrite to a low value, thus reducing
the NGL inhibition to the PC distal dendrites and facilitating
the EC; excitatory drive onto PC distal dendrites (Ito and
Schumann, 2007). At the same time DA closed the gate to
encoding and retrieval by PC, 4 of place 2—4 memory patterns
(EC, 4) and their contexts (CA3, 4). DA closed these gates by
setting the strength of the NGL, 4 inhibition to PC, 4 distal
dendrites to a high value, thus increasing the NGL inhibition
to the PC distal dendrites and suppressing the effect of the
EC,_4 excitatory drive onto the PC,_4 distal dendrites. Concur-
rently with the high frequency EC; input to PC;, a low fre-
quency (50 Hz) input from CA3 Schaffer collaterals (CA3,)
excited the proximal dendrites of the PC;. On its own, the
EC; input generated dendritic spikes, which propagated to the
soma and generated action potentials in the PC; soma (see Fig.
6A) (Brun et al., 2002, 2008). Similarly, the CA3; input gener-
ated excitatory postsynaptic potentials (EPSPs), which failed to
generate somatic action potentials in PC; during the first half
of the theta rhythm, because its strength to PC; proximal den-
drites was reduced by 50% due to presynaptic GABAg inhibi-
tion (see Presynaptic GABAg Inhibition section for details) (see
Fig. 6B) (Brun et al., 2002, 2008). When the EC; and CA3,

LG{Place 1 Place 2 Place 3 Place 4
L) 1 1 L] T ;‘ms]
0 2250 4500 6750 9000

FIGURE 5. A rat running along a linear track. Gray filled

ellipses represent the place fields of four pyramidal cells (place
cells) in the network. Note their fields are nonoverlapping. The
time the rat spends in each place field is equal to nine theta cycles,
with each theta cycle lasting 250 ms, a total time of 2,250 ms. As
the rat transverses the place field, each PC shifts its firing to earlier
phases of the theta rhythm.
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FIGURE 6. (A) Response of the soma, proximal dendrite, and distal dendrite of the model pyramidal cell when only the EC input
impinges on its distal dendrite. All inhibition is switched off in this example. When the presentation frequency of the input is high (100
Hz) it produces dendritic spikes, which propagate toward the soma and generate action potentials (Burn et al., 2002, 2008). (B)
Response of the soma, proximal dendrite, and distal dendrite of the model pyramidal cell when only the CA3 Schaffer collateral input
impinges on its proximal dendrite. All inhibition is switched off in this example. Note that when the presentation frequency of the input
is high (50 Hz), it produces dendritic spikes only during the second half of theta when presynaptic GABAg inhibition is lifted off (Brun
et al., 2002, 2008) (see Model Architecture and Properties section for details). (C) Response of the soma, proximal dendrite, and distal

dendrite of the model pyramidal cell when both the EC and the CA3 Schaffer collateral inputs impinge on the distal and proximal den-
drites of the pyramidal cell. All inhibition is switched off in this example.

Hippocampus



1604 CUTSURIDIS AND HASSELMO
A
EC
==F — NGL —*
Presynaptic GABA,
inhibition
CA3
AAC
\c
B
EC
— —s — NGL —
CA3—
BC A
AAC
FIGURE 7.

Theta

T _

0 50

I

AL

T TLITITLIT

1
2
Sos
0
100
i
3

] 50 100 150 200 250
100 B - T T
o
2 0 J
> fl 1
o 50 100 150 200 250
g o
= 9T
100 —— L L
(] 50 100 50 200 250
Time (ms)
Theta
——— T
nk
1 L L n L__—”/
2 50 100 150 200 z
T . — : T
0 50 100 150 200 2
i 1 L T U T
| " A 1
0 50 100 150 200 H
_, 100 T - T T
]
g A AMAANL
> 100 '
0 50 100 150 200 z
o 1 . T T T
T
-
101 =1 T - —
0 50 100 150 200 H
10! - . ; :
8 o
>
100 & =
0 50 100 150 200 H
100 - - - -
g o ]
> : PO W S 5
100 ; X :
] 50 100 150 200 z
Time (ms)

Schematic of how model cells operate and their corresponding firing responses during a theta cycle (0-250 ms). (A) Con-

tinuously and concurrently present during the entire theta cycle gamma modulated EC (100 Hz) and CA3 (50 Hz) inputs excite the
AAC, which in turn inhibit the axon of a PC, thus pausing the firing of the PC for the most part of the peak phase of theta (0-100
ms). At the same time the EC input excites the PC distal dendrite and the NGL cell, which in turn inhibits the distal dendrites of the
PC. The strength of the CA3 input to the proximal dendrite is suppressed by 50% during the peak phase of theta by the presynaptic
GABAg inhibition. This inhibition is removed during the trough phase of theta. (B) When the AAC stops firing, the BC which is excited
by the EC and CA3 inputs starts firing, which inhibits the PC soma and prevents the PC from firing for the remaining of the peak phase
of theta. (C) BC inhibits during the peak phase of theta with the help of the MS;5, the BSC, thus preventing it from interfering with
the forward association of the EC and CA3 inputs at the proximal PC dendrite. MS;g, also inhibit the OLM, which in turn dis-inhibit
the PC distal dendrite as well as the MS369, which dis-inhibits the AAC and BC. (D) During the trough phase of theta the presynaptic
GABAg inhibition to the CA3 input to the PC proximal dendrite is removed and the MS;4 is turned on. BC, AAC, and MS; 3, are now
inhibited by the MSs4o inhibition, thus releasing the PC, BSC, and OLM cells from inhibition. In turn OLMs inhibit the NGLs. Recur-

rent excitation from the PC excites the IVY cells.

inputs arrived at the same time at the proximal dendrites of
the PC;, then action potentials were generated in the PC,;
soma (see Fig. 6C) (Jarsky et al., 2005).

However, as experimental evidence (Klausberger et al.,
2003, 2004; Klausberger and Somogyi, 2008) has shown, the
PCs are silent during the peak phase of theta [90-270° in the
Klausberger studies (2003, 2008)]. In the model presented
here, the peak phase of theta corresponds to an encoding
phase when input modifies the strength of synapses but does
not evoke spiking output at the soma. During the peak phases
of theta, the coincident EC; and CA3; inputs caused first the
AAC to fire action potentials (APs), which inhibited the axons
of PC, and prevented it from firing APs (Klausberger et al.,
2003) (see Fig. 7A). Once the AAC stopped firing, then the

BC, which was modeled as a slow integrator (Klausberger

Hippocampus

et al., 2003), started firing due to the coincident EC; and
CA3; inputs to its soma (see Fig. 7B). The role of the BC
was to inhibit the PC; and prevent it from firing as well as to
contribute with the septal MS;gy input to the inhibition of
the BSC (see Fig. 7C), whose inhibition could affect the for-
ward association of the EC; and CA3; inputs in the PC,
proximal dendrite by reducing the rate of change of the syn-
aptic weight there (data not shown). The BSC, along with the
OLM cell, were inhibited by the septal MS;go inhibitory
input, which was turned on during the peak phase of the
theta oscillation (see Fig. 7C). The septal MS;¢0 input was off
during the peak phase of theta, which in turn disinhibited the
AAC and BC, and allowed them to fire and carry-on with
their inhibitory functions during the peak phase of theta (see
Fig. 7C).
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FIGURE 7.

In contrast to encoding at the peak phase of theta, the
trough phase of theta provides dynamics appropriate for re-
trieval of previously encoded associations. The trough phase of
the theta [270-450° in the Klausberger studies (2003, 2004,
2008)] began as the presynaptic GABAp inhibition to CA3,
Schaffer collateral input to PC; synapse was removed and
MS340 inhibition was turned on (see Fig. 7D). Because of this
septal input, the BC and AAC are now inhibited, releasing the
PC;, BSC, and OLM from inhibition (see Fig. 7D). The
MS g0 is now off, which in turn dis-inhibits the BSC and
OLM cells (see Fig. 7D). To ensure the “correct” PC fires and
hence the “correct” place memory is retrieved, the disinhibited
BSC broadcasts to all PCs a nonspecific inhibitory signal,
which allows the “correct” PC (in this case the PC;) driven by
the CA3 input in its proximal dendrite to discharge with the
proper rate and phase with respect to the theta oscillation [due
to the potentiation (via STDP) of the proximal synapse during
the peak phase of each theta cycle], while quenching all other
PC firing in the network (e.g. subsequent memories in the
sequence). The “proper” temporal window with respect to the
theta oscillation to which the PC; should fire was ensured by
the activated IVY cell, which got activated by the recurrent
PC; excitation and in turn broadcast a second inhibitory signal
to the proximal PC; dendrite (see Fig. 7D). The OLM cell,
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which got activated by all PCs in the network, in turn inhib-
ited the NGLs (Capogna, 2011) and the distal PCs’ dendrites
allowing the CA3 input to drive the PC(s) during retrieval. As
we shall see in the next section, the CA3 input drove CA1 PCs
and INs to show theta phase precession.

During every theta cycle, the distal and proximal dendrites
of each PC were potentiated or depressed according to a local
STDP rule applied to each dendrite, which measured whether
the peak and time course of each calcium spike was above a
certain threshold (4 pM for potentiation, 2 pM for veto, and
0.6 pM for depression) (see Synaptic Plasticity and Appendix
sections for details). Figure 8B depicts the time courses of the
proximal and distal synaptic strengths during the duration of
the all theta cycles the place cell (PC;) was inside the PE

At the same time PC; was inside its PF (0-2,250 ms)
and the encoding and retrieval processes were taking place
as described above, PC, 4 were outside their PFs. Low fre-
quency EC, 4 and CA3, 4 inputs impinged on PC, 4 distal
and proximal dendrites, respectively, causing them to fire
one to three spikes per theta cycle due to the frequency de-
pendent role of dopamine (see Dopamine Modulation sec-
tion for details; see Fig. 4). AAC, BC, BSC, OLM, 1VY, 4,
and NGL, 4 inhibition operated the same way as in the
case of PC;.

Hippocampus
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FIGURE 8. (A) Tonic EC and CA3 inputs to both CAl pyram-

idal cells and inhibitory interneurons. Spiking activity of CAl and
septal cells with respect to simulated theta oscillation as measured
from the pyramidal layer of CAl. Arrows indicate the phase the
place cell fired with respect to theta. Note that at the beginning of
the PF (first theta cycle), the place cell fired near the trough of
theta. As the rat approached the end of the PF (ninth theta cycle),
the place cell fired just after the peak of theta, having precessed
almost by 180°. (B) Synaptic strengths of CA1-PC proximal and
distal dendrites as a function of time.

Similar patterns of firing with the respect to the external theta
appeared in the remaining three PCs (PC,, PC;, and PCy) in the
network when the simulated rat was inside their place fields (not
shown). PC, was activated right after PC; (2,251-4,500 ms),
PC; right after PC, (4,501-6,750 ms), and PCy right after PCs
(6,751-9,000 ms) (see Fig. 1). The correct gating of spatial mem-
ories was guaranteed by dopamine which opened the gate to the
appropriate memory to be encoded and retrieved by the firing of
the proper PC and closed the gate to the inappropriate one(s) on
a frequency dependent manner (Ito and Schumann, 2007).

Overall, the dynamics of the model is complex, but different
cell types play different functional roles at different phases of

Hippocampus

theta rhythm to prevent new information from being retrieved
as if it were previously encoded. In summary, during the peak
phase of theta (encoding) when new entorhinal input is being
encoded, the activity of the AAC and BC cells prevented this
activity from being interpreted as retrieval by inhibiting the
spiking output from CAIl pyramidal cells. During the trough
phase of theta (retrieval), the AAC and BC cells are inhibited
by the MS340 cells, thus disinhibiting the PCs allowing them
to fire (i.e. retrieve the pattern) and excite the OLM cells. The
OLM cells serve to inhibit the entorhinal input with new infor-
mation. The BSC cells provided a general level of inhibition
within the network to allow selective firing of the correct pat-
tern for retrieval. The IVY cells, which were recurrently excited
by the PC cells, provided a second level of inhibition, which
ensured that the PCs fired at the experimentally observed theta
phase. The MS input and interactions between interneurons
serve to maintain these phase relationships.

In the next section, we investigate the mechanisms of genera-
tion and maintenance of theta phase precession of place cells in
region CAl.

Mechanisms of Theta Phase Precession in CA1

In addition to place cells firing at the trough phase of theta,
place cells have been shown to progressively shift to earlier
phases of the theta rhythm as the animal transverses its place
field (a phenomenon known as theta phase precession)
(O’Keefe and Recce, 1993). The observed properties of the
theta phase precession of place cells include the following: (1)
all place cells start firing at the same initial phase (O’Keefe and
Recce, 1993); (2) the inital phase is on average the same on
each entry of the rat into the place field of a place cell; (3) the
total amount of phase precession is always less than 360°
(O’Keefe and Recce, 1993); (4) the firing rate of the place cell
increases as the position of the rat in the place field increases,
reaching a maximal value at about 200° and beyond this point
it decreases again (Harris et al., 2002; Mehta et al., 2002).

Over the years many computational network and cellular
models of phase precession have been proposed (O’Keefe and

Recce, 1993; Jensen and Lisman, 1996; Tsodyks et al., 1996;
Wallenstein and Hasselmo, 1997; Kamondi et al., 1998;
Magee, 2001; Harris et al., 2002; Lengyel et al., 2003; Has-

selmo and Eichenbaum, 2005; O’Keefe and Burgess, 2005;
Gasparini and Magee, 2006; Thurley et al., 2008; Harvey
2009; Cutsuridis et al., 2011). These models make dif-
ferent predictions about the mechanisms giving rise to the theta
phase precession, which depend on their initial assumptions
regarding the nature of the inputs. For example, in the dual os-
cillator interference model (O’Keefe and Burgess, 2005), two
sets of theta-modulated inputs at different frequencies interfere
to create a beat-like pattern of membrane potential fluctuations.
In other models (Tsodyks et al., 1996), symmetric or asymmet-
ric ramp inputs interact with the theta-modulated inhibitory
inputs.

Here we investigate how the interaction of the EC and CA3

et al.,

inputs presented at different frequencies and phases with
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(A) Tonic EC and CA3 inputs to CAl inhibitory interneurons, tonic EC input to pyramidal cells, and constant frequency

phase precessing CA3 input to PCs. CAl interneuron inhibition was set to a low level. Spiking activity of CAl and septal cells with
respect to simulated theta oscillation as measured from the pyramidal layer of CAl. Arrows indicate the phase the place cell fired with
respect to theta. Note that due to low and nonprecessed inhibition the place cell fires the same way as in Figure 8. (B) Synaptic strengths
of CA1-PC proximal and distal dendrites as a function of time. (C) Time course of calcium (y) in the soma, proximal, and distal den-
drites of the place cell. (D) Time courses of the potentiation (P), depression (D), veto (V), and intermediate elements (A and B) signals.
Parameter values used: Wec o-aac = 1.25 Wea3-t0-aac = 1:25 Waacto-pe = 25 Wheto-pe = 0.7 Whetobse = 305 Wivy-copc = 0.1. All other synaptic

strength parameter values are the same as in Table Al.

respect to the LFP theta in the presence of different forms of
inhibition affect the synaptic plasticity at the distal and proxi-
mal dendrites of the PCs and how in turn the interaction of
plasticity and inhibition affects the theta phase precession of
the network cells. Out of a wide range of possible models, we
here focus on four cases: (1) when both pyramidal and inhibi-
tory cells receive tonic input from EC and CA3; (2) when the
pyramidal cells receive CA3 input that is phase precessing and
tonic input from the EC, whereas the inhibitory interneurons
receive tonic input from both EC and CA3 (e.g. through a dif-
ferent population of CA3 cells); (3) when both PCs and INs
receive excitatory tonic input from EC, excitatory CA3 phase

precessing input of constant frequency and phase precessing in-
hibitory input from the septal cells; and (4) when both PCs
and INs receive tonic input from EC, CA3 phase precessing
input of varying frequency and phase precessing inhibitory
inputs from the septum and the activation of presynaptic
GABAg inhibition.

We started our investigation with tonic EC and CA3 inputs
present constantly throughout the nine theta cycles of each PF
to the excitatory and inhibitory cells in the network. We
observe (see Fig. 8A) that at the beginning of the place field
(first theta cycle), the PC (place cell) fired its first spike near
the trough of the external theta. As the rat approached the end

Hippocampus
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FIGURE 10. (A) Tonic EC and CA3 inputs to CAl inhibitory interneurons, tonic EC input to pyramidal cells, and constant fre-

quency phase precessing CA3 input to PCs. Inhibitory interneuron inhibition was set to a high level. Spiking activity of CAl and septal
cells with respect to simulated theta oscillation as measured from the pyramidal layer of CAl. Arrows indicate the phase the place cell
fired with respect to theta. Note that due to high and nonprecessed inhibition the place cell fires at the trough of theta in every cycle.
(B) Synaptic strengths of CA1-PC proximal and distal dendrites as a function of time. (C) Time course of calcium (}) in the soma, prox-
imal, and distal dendrites of the place cell. (D) Time courses of the potentiation (P), depression (D), veto (V), and intermediate elements
(A and B) signals. Parameter values used: @Wec.co-aac = 1-25 Wea3-t0-aac = 1-25 Waacto-pc = 25 Wpeto-bse = 305 Wivy-to-pc = 0.1, Whetopc = 0.7.
All other synaptic strength parameter values are the same as in Table Al.

of the place field (ninth theta cycle), the PC fired just after the
peak of theta, having precessed almost 180°. This phase
advancement was due to the constantly increasing strength of
the proximal PC synapse due to the STDP rule (see Fig. 8B),
which increased the tendency of the PC to fire at ecarlier phases
with respect to theta in the presence of a constant level of an in-
hibitory threshold (BSC inhibition). However, although the PC
discharges at earlier phases of theta as the rat transverses the
field, it continues to fire at all phases of the theta cycle. Further-
more, its firing rate continuously increases as the rat approaches
the end of the field and it remains anchored to the end of the
theta cycle. These latter findings come in disagreement with the

Hippocampus

experimentally observed evidence (O’Keefe and Recce, 1993;
Skaggs et al., 1996; Kamondi et al., 1998; Harris et al., 2002;
Mehta et al., 2002), where the entire spike sequence of PC firing
precessed and its firing rate increased as the rat approached the
middle of the place field, reached its maximum just after the
middle of the field and decreased as the rat approached the end
of the field. Also, the phase relationships of the INs with respect
to the PCs and the LFP theta are disrupted (Klausberger et al.,
2003, 2004; Somogyi and Klausberger, 2005; Klausberger and
Somogyi, 2008; Klausberger, 2009).

Next we investigated the case where tonic EC and CA3
inputs excited the INs, tonic EC input excited the distal den-
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FIGURE 11. (A) Tonic EC and CA3 inputs to CAl inhibitory interneurons, tonic EC input to pyramidal cells, constant frequency

phase precessing CA3 input to PCs, and phase precessing septal inhibitory input to CAl inhibitory interneurons. Spiking activity of
CALl and septal cells with respect to simulated theta oscillation as measured from the pyramidal layer of CAl. Arrows indicate the phase
the place cell fired with respect to theta. Note that the place cell starts with high firing rate (three spikes in first theta cycle) at the
trough of theta and precesses to a full 360° by the ninth theta cycle. However, its firing rate is not consistent with the experimental evi-
dence (Harris et al., 2002; Mehta et al., 2002) since it continues to increase even when the rat approaches the end of the place field
(ninth theta cycle). (B) Synaptic strengths of CA1-PC proximal and distal dendrites as a function of time. (C) Time course of calcium
(%) in the soma, proximal, and distal dendrites of the place cell. (D) Time courses of the potentiation (P), depression (D), veto (V), and
intermediate elements (A and B) signals. Parameter values used: %ec co-aac = 1.2y Wea3-t0-aac = 1.3 Weaztobe = s Waactope = 115 Whe ro-pe
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rameter values are the same as in Table Al.

drites of the PCs, but phase precessing CA3 input excited the
proximal dendrites of the pyramidal cells. The CA3 input was
modeled to precess by approximately 40° in every subsequent
theta cycle having precessed a full 360° by the ninth theta
cycle. When the INs inhibition was low (see Fig. 9A), then
PCs fired in a similar way as in the previous case. When the
INs inhibition was high (see Fig. 10A), then the discharge pat-
tern of the pyramidal cells did not precess at all. Therefore PC
firing is restricted to the trough of the theta oscillation (Klaus-
berger et al.,, 2003, 2004; Klausberger and Somogyi, 2008).
The between-phase relationships of firing of the pyramidal cell

with respect to the various inhibitory interneurons with respect
to the external theta are also preserved (Klausberger et al.,
2003, 2004; Klausberger and Somogyi, 2008). In both cases
(low and high inhibition), the proximal synaptic weight
decreased during the first few theta cycles and then it linearly
increased till the end of the simulation run. This was due to
the nonlinear interaction of the GABA inhibition and the cal-
cium accumulation in the PC proximal dendrite, which
depressed it for most of the theta cycles. In the first few theta
cycles of each case, GABA inhibition is dominating, thus cal-
cium level is below the 2 uM threshold [i.e. depression (D) de-

Hippocampus
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(A) Tonic EC and CA3 inputs to CAl inhibitory interneurons, tonic EC input to pyramidal cells, varying frequency

phase precessing CA3 input to PCs and constant frequency phase precessing septal and presynaptic GABAg inhibitory inputs to CAl in-
hibitory interneurons. Spiking activity of CAl and septal cells with respect to simulated theta oscillation as measured from the pyramidal
layer of CAl. Arrows indicate the phase the place cell fired with respect to theta. Note all experimentally observed characteristics of theta
phase precession (see Mechanisms of Theta Phase Precession in CAl section for details) are captured. (B) Synaptic strengths of CA1-PC
proximal and distal dendrites as a function of time. (C) Time course of calcium (y) in the soma, proximal, and distal dendrites of the

place cell. (D) Time courses of the potentiation (P), depression (D), veto (V), and intermediate elements (A and B) signals. Parameter
values used: Wec-to-aac — 1.2, Wea3-to-aac = 1.2, Wea3-to-bc = 1, Waac-to-pc — 1.1, Whe-to-pc — 0'6’ Whe-to-bsc = 30, Wca3-to-b:

=1,W|. =

0.1, Wpcto-olm = 135 Wivy-cope = 0.1, Wngl.opc = 0.1. All other synaptic strength parameter values are the same as in Table Al.

tector is turned on] (see Figs. 9C and 10C) and the SC synap-
tic weight is decreasing (see Figs. 9B and 10B). After the first
few theta cycles, the calcium level crosses the 2 pM threshold
and the veto (V) signal is turned on, which inhibits the depres-
sion (D) signal and allows the potentiation (P) signal to take
over (see Figs. 9D and 10D). Thus, the SC synaptic weight
starts to monotonically increase (see Figs. 9B and 10B).

Next, we investigated the case where both PCs and INs
receive tonic inputs from EC, a CA3 input with constant fre-
quency throughout the place field that is phase precessing and
septal inhibition with constant frequency which is also phase
precessing by the same amount as the CA3 input. As before
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the CA3 input phase advanced by 40° in every theta cycle hav-
ing precessed by a complete 360° by the end of the ninth theta
cycle (end of the place field). We observe that the PC firing
precessed a full 360° by the end of the place field and so all
INs (see Fig. 11A). The phase relationships between the PCs
and INs are also preserved due to the precessing of the septal
inhibition. However, the firing rate of the PCs is not consistent
with the experimental findings (Harris et al., 2002; Mehta
et al., 2002). Their firing rate continues to increase even when
the rat approached the end of the field. This was due to the
nonlinear interaction of the GABA inhibition and the calcium
accumulation in the proximal PC dendrite, which caused the
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FIGURE 13. Spike phase advancement of a place cell during a

linear track running episode. The cell fired sparsely until 1 s into
the trial, when an intense period of firing occurred, accompanied
by phase precession (Harris et al., 2000).

strength of the proximal PC synapses to increase linearly even
toward the end of the place field (see Fig. 11B). As before, in
the first few theta cycles, GABA inhibition is dominating, thus
calcium level is below the 2 pM threshold [i.e. depression (D)
detector is turned on] (see Fig. 11C) and the SC synaptic
weight is decreasing (see Fig. 11B). After the first few theta
cycles, the calcium level crosses the 2 uM threshold and the
veto (V) signal is turned on, which inhibits the depression (D)
signal and allows the potentiation (P) signal to take over (see
Fig. 11D).

Finally, we investigated the case where both PCs and INs
received tonic input from EC, a phase precessed CA3 input
whose frequency increased linearly (25-50 Hz) from the start
to the middle of the place field and decreased linearly by the
same amount from the center to the end of the field. In this
case, both septal and presynaptic GABAy inhibition precessed,
but with a constant frequency. We observe (see Figs. 12A and
13) that all of the experimentally observed characteristics of
theta phase precession detailed earlier in this section are cap-
tured: (1) the firing of the PC starts at the trough of the exter-
nal theta (beginning of the place field), (2) the firing of the PC
phase advances in every subsequent theta, (3) phase precession
is almost 360° by the end of the place field (ninth theta cycle),
and (4) the firing rate of PC increases as the rat transverses the
field, peaks at about 200° and decreases as the rat approaches
the end of the place field. The latter is due to the monotonic
decrease of the Schaffer collateral synaptic strength throughout
the simulation run, thus allowing the phase precessed CA3
input to take charge of the firing of the CAl PCs (see Fig.
12B). The place cell fired sparsely in the first 1 s of the trial
run, after which its firing increased and phase precessed (see
Fig. 13). The decrease of the Schaffer collateral synaptic
strength was due to the low calcium accumulation level for
most of the time (below the 2 uM threshold) in the PC proxi-
mal dendrite (see Fig. 12C), which triggered the activation of
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the depression (D) signal, which dominated the potentiation
(P) in the first four theta cycles and subsequently cancelled
each other in the remaining simulation run (see Fig. 12D),
thus keeping the synaptic strength depressed (see Fig. 12B). In
addition, the firing phase relationships between PCs and INs as
they have been observed in the Klausberger studies (2003,
2004, 2008) are preserved. Thus, within these sets of parame-
ters explored here this condition appears to most effectively
match the experimental data.

The results of the pyramidal cell firing rate as a function of
theta cycle number for the above four cases are summarized in

Figure 14.

DISCUSSION

General Issues

The present model is a model of spatial memory sequence
encoding and retrieval that simulates accurately many of the
experimentally observed biophysical properties of CA1 and MS
cells during theta oscillations, suggests functional roles for the
dopamine in the gating of information in CAl in a frequency-
dependent manner and for the CAl pyramidal and inhibitory
interneurons as well as medial septal cells in the encoding and
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FIGURE 14. Pyramidal cell firing rate as a function of theta

cycle number in the four cases identified in the Mechanisms of
Theta Phase Precession in CAl section. Case 1: both pyramidal
and inhibitory cells receive tonic input from EC and CA3; Case 2
(low and high GABA): the pyramidal cells receive CA3 input that
is phase precessing and tonic input from the EC, whereas the in-
hibitory interneurons receive tonic input from both EC and CA3
(e.g. through a different population of CA3 cells); Case 3: both
PCs and INs receive excitatory tonic input from EC, excitatory
CA3 phase precessing input of constant frequency, and phase pre-
cessing inhibitory input from the septal cells; Case 4: both PCs
and INs receive tonic input from EC, CA3 phase precessing input
of varying frequency, and phase precessing inhibitory inputs from
the septum, and the activation of presynaptic GABAg inhibition.
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retrieval of spatial memories in the correct order, and investi-
gates quantitatively the mechanisms for the generation and
maintenance of theta phase precession of CAl pyramidal cells
(place cells) in the presence of various forms of intra- and
extrahippocampal inhibition. Our model is an extension and
revision of the Cutsuridis et al. (2008, 2009, 2010) models of
the CAl microcircuit, which addressed primarily the recall per-
formance and memory capacity of static memory patterns in
region CAl. The present model is based on experimentally
and  extrahippocampal  connectivity  (see
“Methods” section and References therein for details). Its neural
dynamics matched that of the firing activities of dominant cell
types in region CAl and medial septum, such as PCs, AACs,
BCs, BSCs, IVY, NGL, OLM, etc. with respect to theta

oscillations.

known intra-

Our model can account for many of the empirical signatures
of hippocampal dynamics such as

o CAl cellular activity coupled to either the peak or the
trough of stratum pyramidale theta oscillations with the AAC,
BC, and NGL firing at the peak of theta and the OLM, BSC,
IVY, and PC firing at the trough of theta (Klausberger et al.,
2003, 2004; Somogyi and Klausberger, 2005; Klausberger and
Somogyi, 2008; Fuentealba et al, 2008a,b, 2010)

o GABAergic medial septal neuron exhibiting highly regular
bursting activity coupled to either the trough or the peak of
hippocampal theta rhythm (Borhegyi et al., 2004)

e Dopamine modulating the inflow of EC information (spatial
memories) to CAl PC distal dendrites on a frequency-depend-
ent manner (Ito and Schumann, 2007)

e DPyramidal cell activity in CAl phase precessing with respect
to theta oscillations (O’Keefe and Recce, 1993; Skaggs et al.,
1996)

e The initial phase of precession always starting at the end of
the theta rhythm and progressively shifted to earlier phases of
theta (O’Keefe and Recce, 1993; Skaggs et al., 1996)

e The total amount of phase precession always be less than
360° (O’Keefe and Recce, 1993)

e Firing rate of the place cell increasing as the position of the
rat in the place field increases, reaching a maximal value at
about 200° and beyond this point it decreasing again (Harris
et al., 2002; Mehta et al., 2002).

e Inhibitory interneuron activity in CA1 phase precessing with
respect to theta oscillations (Maurer et al., 2006; Ego-Stengel
and Wilson, 2007).

e Inhibitory interneurons showing multiple phase precessing
fields with respect to theta (data not shown) (Maurer et al.,
2006).

What Have we Learned From the Model?
Gating of cortical information in CA1

The model showed that the ordering of the EC spatial infor-
mation to CAl in the correct order is achieved by DA modula-
tion of the strength of the NGL inhibition and EC excitation
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onto the PC distal dendrites in a frequency-dependent manner,
which acted a gate-keeper (Ito and Schumann, 2007). In partic-
ular, during high frequency EC excitation to both NGL cell
and PC distal dendrites, the DA levels were kept to a low
value, thus diminishing the effects of the NGL inhibition to
the PC distal dendrites and allowing distal dendritic spikes due
to the impinged high frequency EC excitation to propagate to
the soma and generate action potentials (see Fig. 3). Thus, low
DA levels opened the gate to the entorhinal-hippocampal dia-
logue and allowed the memory pattern(s) to be encoded by the
CAl pyramidal cell(s). On the other hand, during low fre-
quency EC excitation to both NGL cell and PC distal den-
drites, the DA levels were increased, thus allowing the NGL in-
hibition to feedforwardly inhibit the PC distal dendrites, caus-
ing the PC to stop firing (or at most fire one action potential
during a theta cycle), and interrupting the entorhinal-hippo-
campal dialogue (see Fig. 4).

Timing and roles of cells during theta oscillations

In the presence of continuous EC and CA3 excitation
throughout theta the activitdies of region CAl inhibitory inter-
neurons were sculpted by MS inhibitory inputs. MS;gq input
inhibited region CA1’s BSC and OLM cells during the peak of
theta measured in stratum pyramidale, whereas MS;40 input
inhibited the AAC and BC cells during the trough of theta.
Because of the MS inhibition the activities of AACs and BCs
during the peak phases of theta inhibited the spiking output of
PCs, thereby preventing them from firing (i.e. retrieving the
memory; see Figs. 7A,B). In contrast, the activity of OLM cells
during the trough phase of theta inhibited the NGL cells and
the entorhinal input with the new information from interfering
with retrieval of the old information (CA3 input to PC proxi-
mal dendrites) (see Fig. 7D). The activity of the BSC provided
a general inhibitory threshold to all PCs in the network, allow-
ing in this manner the “correct” pyramidal cell to retrieve the
pattern (i.e. its tendency to fire has increased due to its suffi-
cient strengthening of its proximal synaptic weight causing it to
fire more than three action potentials during the trough phase
of theta; see Fig. 7D). The activity of the IVY cell during the
trough phase of theta provided a second threshold mechanism
which ensured that the pyramidal cell will fire during the
experimentally observed theta phase (see Fig. 7D).

Memory function would have been severely impaired if new
information arriving in the circuit was interpreted as the re-
trieval of previously stored information, resulting in false inter-
pretation of new information as old, or in the re-encoding of
an old event. Imagine that before you drive home your wife
calls to tell you to purchase some milk. If this new encoding is
confounded with prior retrieval, you might interpret this new
information as if you were remembering an old conversation
from the previous week, and therefore think you have already
done the task. Or conversely, if you recall an old conversation
about meeting for dinner at a restaurant, and this retrieval is
confounded with encoding and stored as if it were a new con-
versation, you might go to the restaurant instead of going



home. These examples show how critical the separation of
encoding and retrieval can be for effective network function.

Theta phase precession in CA1

Hippocampal place cells have been shown to systematically
shift their phase of firing to earlier phases of the theta rhythm
as the animal is exploring an environment (a phenomenon
known as theta phase precession) (O’Keefe and Recce, 1993;
Skaggs et al., 1996). To remind our readers the observed prop-
erties of the theta phase precessed place cells are: (1) all place
cells start firing at the same initial phase (O’Keefe and Recce,
1993); (2) the initial phase is on average the same on each
entry of the rat into the place field of a place cell; (3) the total
amount of phase precession is always less than 360° (O’Keefe
and Recce, 1993); (4) the firing rate of the place cell increases
as the position of the rat in the place field increases, reaching a
maximal value at about 200° and beyond this point it decreases
again (Harris et al., 2002; Mehta et al., 2002).

Our model showed that theta phase precession in CAl can
be generated only by theta phase precessed CA3 inputs and
maintained by the internal CAl architecture in collaboration
with the medial septal inhibition under specific conditions.
First, our model showed that in order for the CAl pyramidal
cells (place cells) to phase precess to a full 360° as the rat
reaches the end of the place field, then an excitatory phase pre-
cessing input (CA3 Schaffer collateral input), should drive not
only the PCs, but also the inhibitory interneurons causing
them to also precess (i.e. case 4 described in Mechanisms of
Theta Phase Precession in CAl section). An additional phase
precessing inhibitory input (MS;g9 and MSs4), which inhibits
the CALI inhibitory interneurons, is also required to ensure that
the between phase relationships of the PCs and the inhibitory
INs during theta, as they have been observed experimentally
(Klausberger et al., 2003, 2004; Fuentealba et al., 2008b;
Klausberger and Somogyi, 2008), are also maintained. Experi-
mental evidence has shown that layer 2 EC cells are phase pre-
cessing, but not the EC layer 3 cells (Hafting et al., 2008; Miz-
useki et al., 2009). The EC layer 2 cells drive both the DG
and CA3 excitatory cells, which in turn excite the proximal
dendrites of the CAl PCs, whereas the EC layer 3 cells excite
only the distal dendrites of the CA1 PCs. Transient disruption
of the CA3 input to CAl PCs has been shown to cause a tran-
sient block of their phase precession dynamics (Zugaro et al.,
2005). Therefore, our assumption to model only the CA3
input as providing phase precessed input is consistent with the
observed experimental findings. In addition, other experimental
evidence has shown that during spatial exploratory behaviour
on a linear track, inhibitory interneurons also show phase pre-
cession dynamics (Maurer et al., 2006; Ego-Stengel and Wil-
son, 2007). This finding supports our assumption that also the
CA1l inhibitory interneurons should be driven by the CA3
phase precessing input causing them to precess.

Second, our model showed that in order for the firing rate
of the place cells to increase as the rat moves through the place
field reaching a maximum value at about 200°, beyond which,
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it decreases again (Harris et al., 2002; Mehta et al., 2002),
then the pyramidal cells (place cells) must increase and decrease
their firing activity only when: (1) a CA3 phase precessed input
is presented to both CA1 PCs and INs, whose frequency line-
arly increased from the start till the middle of the place field
and subsequently decreased linearly by the same amount till
the end of the field; and (2) the CA3 phase precessed input
was presented in conjunction with a phase precessed septal and
presynaptic GABAg inhibition to CAl INs and PCs, respec-
tively, but with constant frequency. As before, because the CAl
inhibitory interneurons were excited by the CA3 phase pre-
cessed input (Mizuseki et al., 2009) and a phase precessed sep-
tal inhibitory input, then their phase relationships with the
CAl pyramidal cells with respect to theta are maintained
(Klausberger et al., 2003, 2004; Klausberger and Somogyi,
2008). Furthermore, the model CAl inhibitory interneurons’
firing activity phase precessed to earlier phases of theta as the
rat transversed the place field (Maurer et al., 2006; Ego-Stengel
and Wilson, 2007).

Finally, our model showed that in order for the firing rate of
a place cell to increase as the position of the rat in the place
field increases, reaching a maximal value at about 200° and
beyond this point to decrease again (Harris et al., 2002; Mehta
et al., 2002), then the CAl PC proximal synapse must be
slightly depressed (see Fig. 12B), thus preventing the firing ac-
tivity of the PCs to continuously increase as the rat approached
the end of the field and to remain anchored to the end of the
theta cycle (as in case 1 from the Mechanisms of Theta Phase
Precession in CA1l section).

What is Next?

Several extensions to the basic idea deserve further considera-
tion. One such idea is to scale up the network to match the
relative percentages of excitatory and inhibitory cells in CAl
[ie. 90% excitatory cells and 10% inhibitory cells (Vida,
2010)]. Within the population of inhibitory cells, BC, BSC,
and AAC may represent 60%, 25%, and 15% of the popula-
tion (Baude et al., 2007). Scaling up our network model will
allow us to circumvent the case of a single theta phase precess-
ing interneuron inhibiting pyramidal cells with place fields at
different and overlapping locations, thus simultaneously inhibi-
ting pyramidal cells that are at different stages (i.e., theta
phases) of phase precession. In this case, a single theta phase
precessing interneuron may only correctly time only a few of
its postsynaptic pyramidal cells. However, if our scaled up net-
work consisted of, for example, 400 PCs and 24 inhibitory
interneurons (i.e. less than 10% inhibition), with each set of
100 PCs and 6 INs representing a microcircuit coding for a
spatial location, driven by EC and CA3 inputs presented at dif-
ferent, but overlapping times, then the potentially simultaneous
inhibition of PCs at different stages (i.e. theta phases) of phase
precession maybe overcome.

Another idea is to test the robustness of the scaled up model.
How would the firing patterns of CAl interneurons and place
cells change with more realistic, noisy, input coming from mul-
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tiple EC and CA3 cells? How would random synaptic delays
affect the results? How will the results scale with noise in con-
nectivity parameters?

Finally, a future project could address how cholinergic and
GABAergic neurons from the medial septum facilitate (or do
not facilitate) the encoding, storage, and replay of place-cell
memories in the hippocampus, subiculum, and entorhinal cor-
tex during active waking, quiet waking, and slow wave sleep in
the presence of various types of inhibitory interneurons. Has-
selmo (1999) proposed a conceptual model of the two-stage
memory formation model (Buzsaki, 1989) in the presence of
low and high levels of acetylcholine (ACh). According to this
model (Hasselmo et al., 1996; Hasselmo, 1999) “the high lev-
els of ACh, which are present during active waking might set
the appropriate dynamics for encoding new information in the
hippocampus, by partially suppressing excitatory feedback con-
nections and so facilitating encoding without interference from
previously stored information.” On the other hand, when ACh
levels are low during quite waking and slow-wave sleep, this
suppression is released allowing a stronger spread of hippocam-
pal activity to reach the entorhinal cortex and neocortex, thus
facilitating the process of consolidation of separate memory
traces. However, when this model (Hasselmo, 1999) was pro-
posed very little was known about the firing properties of in-
hibitory interneurons in the hippocampus and medial septum
during theta and sharp-wave ripple activity. The dramatic
expansion of our knowledge about the anatomical, physiologi-
cal, and molecular characteristics as well as the connectivity
and synaptic properties of various inhibitory cell types (both
local and long-range) in the hippocampal and septal microcir-
cuits (Cutsuridis et al., 2010) will allow us to decipher the bio-
physical computations of information processing therein during
waking and slow wave sleep.
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APPENDIX: MATHEMATICAL FORMALISM

This appendix contains the mathematical formalisms of the
model cell types. Simulations were performed using the
XPPAUT (Ermentrout, 2002). Data analysis was performed by
MATLAB. Parameter units are measured in mV for potentials,
wA/cm? for applied currents, mS/cm” for maximal conductan-
ces, and PF/cm? for capacitances.

CA1 Pyramidal Cell

The axonic (ax), somatic (s), proximal dendritic (pd), and
distal dendritic (dd) compartments of the pyramidal neuron
obey the following current balance equations

AV
Cn 7 =1L+ INaax + [K,ax + ]coup + [syn + In (Al)
dv;
Cn 7 I+ Inas + Ik, + Ias + ImaHap,s + Icals
+ I+ loup + Iy + L (A2)

A
C‘m 7Pd =I + ]Na‘d + ]Kd,_d + ]A,d + ]CaL‘d + Iy + [coup + [syn + L

drt
(A3)

A%
Can 7‘“‘ = I+ Iad + Iy y + Ina + Icana + Iy + Leowp + Logn + Iin
(A4)

where i is the leak current, I, is the sodium current, [ is
the delayed rectifier potassium current, /4 is the type A potas-
sium current, [, app is the medium Ca**-activated K after-
hyperpolarization current, /¢, is the L-type Ca®" current, 1, is
the h-current, /., is the electrical coupling between compart-
ments, /i, is the injected current, and /,
rent. Table A2 displays the ionic parameter values of the CAl

is the synaptic cur-
pyramidal cell.

Hippocampus

The coupling currents for all compartments are

]ggg = gaxon‘soma : (‘/som:l - ‘/axon) (AS)

Cs(());l;a — Zsoma,axon * (Vuon - I/soma) +g50ma,dendpmx . ([/Pd — I/soma)
(AG)

[j;?;pmx = &soma,dendpror (Vsomn - ‘/pd) +gdenddimdendpm(v(1d — Vpd)
(A7)
Tt = Ziendy dendg (Vod — Vad) (A8)

The leak current is described by

=g -(V-W) (A9)

where g1, is the leak conductance and Vi is the leak reversal
potential.
The sodium current at the axon and soma is described by:

INe = —gNa - ME, - Hya - (V — W) (A10)

where gy, is the maximal conductance of the Na* current,
My, and Hy, are the activation and inactivation constants and
Vi is the reversal potential of the Na™ current. The activation
and inactivation constants at the soma are given by

My, = am(V)/(am (V) + Bu(V))
am(V) =0.32- (—46.9 — V) /(exp((—46.9 — V) /4.0) — 1.0)
Bu(V)=0.28-(V+ 19.9)/(exp((V—|— 19.9)/5.0) — 1.0)
Hy, = au(V) = (au(V) +Bu(V)) - Hxa
ap(V) =0.128 - exp((—43 — V) /18)
Bru(V) =4/(1 +exp((—20 — V)/5)

TABLE Al.

Synaptic Strength Parameter Values

Name Value theta Name Value theta
wec-to-pcAMPA 14 + W3 zvaac-to—pc 1.0
Wea3-to-pcAMPA 2.4 + Wl Whe-to-pc 0.1
wecftofchMDA 14 + W’S Whe-to-bsc 20
-wce\S-to-chMDA 24 + Wl wbsc-to-pc 0.3
Wec-to-aac 0.9 Wpe-to-bsc 0
Wea3-to-aac 0.8 Whsc-to-be 0.5
Wec-to-be 0.8 wolm-to-pc 0.5
Wea3-to-be 0.8 Wpe-to-olm 1.1
Wea3-to-bsc 2 wivy-to-pc 0.15
-wsep360-to-aac 10 wpc-to-ivy 1
Wsep360-to-be 10 -wec-to-ngl 3
wseplSO-to-bsc 8 wngl-to-pc 0.8
zUseplSO-to-olm 30 wbc-to-pc 0.1
WOLM-to-NGL 1,500




TABLE A2.

Pyramidal cell parameter values
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Name Value Name Value

Cm 1 g A,dend 12
gL 0.1 asap 0.001
%3 -70 Cp 30
Scoup 1.125 inact 72
Nasoma 30 inact, 0.11
INajaxon 100 inacts 2
VNa 60 inacty 64
Na,dend 30 inacts 1
natt 0 8K, dr,axon 20
T 23 4K,dr,soma 14
8 A soma 7.5 8K,dr,dend 14
SmAHP 25 Vi —80
ghat 1 qma 0.00048
qmb 0.28 Bs 0.083
8cCalL,soma 7 Bd 0.083
8CalL,dend 25 s 0
Veca 140 nonc 6
Ca®* 2 Ca, 1,000
Os 0.1 Sq 0
(oM 0.1 S» 40
%05 0.05 S3 3.6
Yo.d 0.07 Mg*" 2
K 7
Units: g, mS/cm?% C,,, uF/cmz; V, mV; T, Celsius.
The sodium current at the dendrite is described by:

[Na,d — —&Nad Mﬁ]a’d : HNa.d : DNa.d : (I/d - VNa) (All)

where

Nad = Mooy, = Myaa) /Taty,
Mecy,, = 1/(1 + exp((—Va — 40)/3))
My, = 0.1
H{yg = (Hooga = Fnad) [T
Hooyg = 1/(1 + exp((Va + 45)/3))
THyg = 0.5
Diad = Doy — DNad)/ Ty
Dooy,y = (1 4 natt - exp((Vy + 60)/2)) /(1 4 exp((V4 + 60)/2))
Tpy,, = max(0.1, (0.00333 - exp(0.0024 - (Vi + 60) - Q))/
(1 4+ exp(0.0012 - (V4 +60) - Q)))
Q = 96480/(8.315 - (273.16° + T))

where 7 is the temperature in Celsius and natt is the Na*
attenuation. The type-A K* current at the soma and dendrite
is given by

—8q *Aa - By (Va—Vk)

I,y = (AIZ)

1617

The activation and inactivation constants are given by

Ay = (Aooy — Ad) /14y
Aoe, = 1/(1 + Aga)
Aag = exp(asap - g(Va) - (Va+1) - Q)
Agg = exp(0.00039 - Q - (Va+ 1) - 6, (Va))
T4, = max(Ag 4/ ((1 + Aad) - QT -0.1), 0.1)
S(Va) = =15 = (1/(1 + exp((Va +5,)/5)))
S (Va) = —1.8 = (1/(1 + exp((Va + 40)/5)))
By = (Bx, — Ba) /5,
By, = 0.3+ 0.7/(1 + exp(inact; - (V; + inact) - Q))

Tp, = K - max(inacts - (V; + inact4), inacts)

. + . .
The delayed rectifier K™ current at the axon and soma is given

by

[Kdr = — 4K -N - (V - VK) (A13)

where giy, is the maximal conductance. The activation con-
stant, /V is given by

N'=an(V) = (an(V) +Bn(V)) - N
an(V) =0.016- (—24.9 — V) /(exp((—24.9 — V) /5) — 1)
Bu(V) = 0.25 - exp(—1 — 0.025- V)

The delayed rectifier K™ current at the dendrite is given by

Iy = — 8K jvd2 : (Vd - VK) (A14)

where gkgrq is the maximal conductance. The activation con-
stant, /Vy is given by

Nc/l = (Nood - Nd)/TNd
Nooy = 1/(1 + exp((—Va — 42)/2)
TNy = 2.2

. + . + P
The medium Ca**-activated K afterhyperpolarization current
at the soma is given by

Inanp = —gmanp - Qm - (Ve — Vk) (Al4a)

where gikmapp is the maximal conductance. The activation con-
stant, Q,, is given by

Q= (Qu., — Qu)/1q,
Qm.. = qhat - Qy, - 1q,
Qum, = qma - %,/(0.001 -y, + 0.18 - exp(—1.68 - V; - Q))
Qung = (qmb - exp(—0.022 - V; - Q))/(exp(—0.022 - V; - Q)
+0.001 - 7,)
1Qn = 1/(Qm, + Qug)

Hippocampus
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The h-current (Cutsuridis et al., 2010) at the soma and den-
drite is described by

]h:—g},-tt‘(V—Eh) (A15)

dit tteo — 1t

dt Tn
1 £0-0378--gme (V= Viuig)
= Ty =
1+ e~ (V="hat) /A “ gt - qu(T_33)/1O a0t - (1 +ay)
— 0-00378:¢:(V—Viuir)

oo

Ay

where g, is the maximal conductance of the h-current and £, is
the reversal potential. The L-type Ca®* current at the soma is

described by
lea, = —gea, - S - gk (Ve 1) - (1/(1 + %)) (A16)
where gcar s is the maximal conductance and
8= (S0, = S/
Soer = as(V5)/(ewa(V2) + Bo(VA))
T = 1/(5 - (a(Ve) + B(VA)))
as(V;) = —0.055 - (V, +27.01)/(exp((—V; — 27.01)/3.8) — 1)
B.(V)) = 0.94 - exp((—V; — 63.01)/17)
xx = 0.0853 - (273.16 + T) /2
f(z) = (1=2/2) - fi(2) + (/(exp(2) — 1)) - s(2)
f(z) = H(0.0001 — |z2|)
f3(z) = H(|z| — 0.0001)
g = = - (1= ((%,/Ca) - exp(Ve/xx))) - f(Ve/xx)

24 . . . .
The Ca™" concentrations in the soma and dendrites are given

by

Xg = d)s . [CaLS - (Be . (XS - XO,S)) + (Xpd - XS)/CaT - (BS/HODC) ' st
(A17)

X;d = Qg + (lcar, + Lcanmpa) = Ba * (Xpa — %o.a) — (Ba/nonc)
Ypa —buff - gpq  (418)

Yy =S4+ (Tcary + Ieanmpa) — Ba - (Xad — Xod)
— (Ba/nonc) - x4 — buff - x4q  (419)

The L-type Ca** current at the dendrite is described by
I, = —geat, - S3 - Ta- (Va— Vea) (A20)

Hippocampus

Scli = (Sood - Sd)/de
Sooy = 1/(1 + exp(—=Vyq — 37))
T, =53+ 51/(1 4+ exp(Va + 52))
Té = (Tocd - Td)/TTd
Ty = 1/(1 4 exp((Va +41)/0.5))
T, =29

The calcium detector model is governed by the following six
equations:

P=(9,(%a) = - A-P)/7 (A21)
V= (dy(xa) = V)/1v (A22)

A = (b(xa) = 4)/ta (A23)

B = (¢ (A)—B—ci-B-V)/w (A24)
D' = (¢4(B) = D)/ (A25)

W' = (a/(1+ exp(P = a)/p2)) = By /(1 + (exp(D — d) [pa)) = W) .
(A26)

where P is the potentiation detector dynamics, V'is the veto de-
tector dynamics, D is the depression detector dynamics, A and
B are the intermediate steps leading up to D and W is the
readout variable (see Fig. 2). The Hill equations are

$,(x) = num, - ((x/CmHC)“™™) /(1 4 (x/CmHC) ™)
dp(x) = numy - ((x/CnHC)™™) /(1 + (x/CnHC) ")
be(x) = numc/(1 + exp((x — 60c) /o))
$4(x) = numg/(1 + exp((x — 64)/04q))
e (x) = num./(1 + exp((x — 6c) /o))

The calcium detector parameter values are displayed in

Table A3.

Basket, Axoaxonic, Bistratified and Ivy Cells

dv

sz

=1 + I+ Ik, +1In+ Lo + Lyn (A27)

where C,, is the membrane capacitance, V is the membrane
potential, /i is the leak current, Iy, is the sodium current, /iy,
. . + . +

is the fast delayed rectifier K™ current, 7, is the A-type K™ cur-

rent, and [, is the synaptic current.

syn
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TABLE A3. Neurogliaform Cell
Calcium Detector Model Parameter Values AV
Con— =51+ I+ Ik, + Lin + Lin A31
Name Value Name Value dt - N K Y ( )
‘p 5 numy, L where C,, is the membrane capacitance, V'is the membrane poten-
T 500 nume L al, Iy is the leak current, /Ay, is the sodium current, /iy, is the fast
v 10 A ! delayed rectifier K™ current, and 7, is the synaptic current.
TA 5 num, 5 Th di d its kineti d ibed b
o 0 CmHC 4 e sodium current and its kinetics are described by,
195} 250 CmHN 4
Tw 500 CnHC 0.6 Ing = gNanalﬂ(V _ ENa> (A?)Z)
Oy 0.8 CnHN 3
Bw 0.6 6. 2
a 03 04 26 y 0.1(V + 40)
Pa -0.1 Be 0.55 am _ — ) — —_
3 0.05 o 005 A o, (1 —m) = B,m, a, (1— (v+40)/10) ’
Pa ~0.002 4 —0.01 B, = 4. -65)/18)
num, 10 Ge —0.02 m
€ 4 = (1= h) = Byh, ;=007 e~ (VH65)/20,
Units: g, mS/cm?; V, mV; «, 1/ms; B, 1/ms. 1
By = 1+ ff(v+35)/10)
The sodium current and its kinetics are described by, ) N o
The fast delayed rectifier K™ current, g, is given by
Ina = gnam’h(V — Ena) (A28)
I = gean (V — Ex) (A33)
D) 0.1(V + 40) ) ( |
—FV =yl —=m) — m, Oy = v o0\ 0.01(V +55
m _ (V+4 n”_ _ v+65)
dt (1 el +0)/10) Z—a”(lfn)*ﬁnﬂ, an—m B,=0.125¢" (v+65)/80
B — 4. e —(v465)/18)
% — (1 — h) — By, @y =007 (V+65)/20 The ionic parameter values are depicted in Table A4.
B, — 1 OLM Cell
h (1+ 57(V+35)/10)
N dav
The fast delayed rectifier K™ current, /iy, is given by sz =1L+ Ing + Ixy, + Inae + I+ Lygn + 1in (A34)
Irir = grarn*(V = Ex) (A29)  Ghere C is the membrane capacitance, V is the membrane
potential, /i is the leak current, Iy, is the sodium current, /i,
dn (1- ) ~0.01(V +55)
At =, n Bnna Ay = (1 — e*(V+55)/10) )
TABLE A4.
B =0.125¢" (v+65)/80
Inhibitory Cell Parameter Values
The A-type K current, I, is described by
Name Value Name Value
]A = gAab(V - Ek) (ASO) Cm 1 i 23
gL 0.18 8K,dr,OLM 36
da w1 — 2) — Boa, a, = w7 Vi -60 Vicorm ~77
dr ) — 1 Na 150 Vi -90
0.0175(V —40.1) 8Na,OLM 120 8NaP 25
Ba = g(v 401) 1 VNa 55 2h 15
V 50 V 50
db 15 00 Na,OLM NaP
— =oy(1—56) —Byb, oy = 0.0016¢ 7% ). B, = % 8L,0LM 0.3 Vi =20
dt 1 + E( > ) VL,OLM —54.4 EIN 10

The ionic parameter values are depicted in Table A4.

Units: g, mS/cm?; Chs pF/cmz; V, mV.
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. . + . .
is the fast delayed rectifier K™ current, In,p is the persistent so-
dium current, I, is the H-current and [, is the synaptic
current.

The sodium current and its kinetics are described by,

Ina = gnam®h(V — Ex,) (A35)
dm 0.1(V + 40)
i (1 —m) = B,m, _W7
Bm —4. e(*(y+65)/18)
dh
A = OL/,(l — b) —Byh a, = 0.07 - 67(V+65)/207
_ 1
By = (1 + e—(v+35)/10)
The fast delayed rectifier K* cur4rent, Ixq: is given by
Ixar = grarrt” (V — Ex) (A36)

dn 0.01(V +55)
— =l =n) =Bn a, T (1= e (VE)/10)

dt
Bn —0. 12567(v+65)/80

The NaP current was assembled from the Kunec et al. (2005),
Dickson et al. (2000), Fransen et al. (2002, 2004), and White
et al. (1998) studies and it was described by

INap = —gNap - p0 - (V — Vi) (A37)

dmy,
dt

= tmpo (V) (1 = 720) = Brapo (V) - 7250

1 E*(V+38)/645

Ompo = 0.15(1 + e—(V+38)/6.5)’ Bmpo - 0.15(1 + e~ (V+38)/65)

Similarly, the h current was assembled from Kunec et al.
(2005), Dickson et al. (2000), Fransen et al. (2002, 2004), and
White et al. (1998) studies and it was described by

I = —gn(0.65hg + 0.354,)(V — V1) (A38)
dho Moo (V) = Mo 1
- 7 @@ )\, —
dt T (V) > Moo(V) (1 4 (V+79.2)/9.78)
0.51
(V) = T T +1
Ao = M s (V) = 1
dt u(V) (1 + elV+283)/15.9)58
5.6
u(V) = o(v=1.7)/14  ,—(V+260)/43 +1

The ionic parameter values are depicted in Table A4.

Hippocampus

Input-to-Cell Synaptic Currents
The Ca®"-NMDA, AMPA, GABA,, and NMDA synaptic

currents are given by

IcaNMDA = —Zyn * SNMDA * 72CaNMDA - (Vi — VeaNMmDA)
(A39)
INMDA = —gyn - SNMDA * 72nMDA © (Vi — Vampa) — (A40)
IampA = —goyn - sampa - (Vi — Vamra) (A41)
IGaBA = —Zyn - sGaBa - (Va — VGasa) (A42)

where g, is the synaptic conductance expressed either by Egs.
(A46) or (1-3) and
mampa = 1/(1 4 0.3 - Mg - exp(—0.062 - V;))

mcanmpA = 1/(1+ 0.3 - Mg - exp(—0.124 - V4))

with Mg2+ = 2 mM. The activation equations for AMPA,
NMDA, and GABA, currents are
5 = Sxpge T Sk T Sk

(A43)

where x stands for AMPA, NMDA, GABA and

S{\]MDAM = =20 - (1 — sNMDAg, — SNMDAy, ) * Fpre — (1/2) - sNMDA,.,
(1/10) - snmDA,,
(1/45) - s\mDA,
Sampa,, = —20 - (1 = sampag, — SaMPAy,, ) * Fpre = (1/0.58) - sampa,,
Sj\MPAfm =20 - (0.903 — sampas,)  Fpre — (1/7.6) - sampa,,
Sanpa,,, = 20 (0.097 — sampay,, ) - Fpre — (1/25.69) - sampa,,,

S;\IMDAEM =20-(0.527 — SNMDAraSL) ’ FPre —
S{\IMDAslow = 20 ’ (0473 - XNMDAAI()W) ' FPl’e -

and

SGABA,, = —20 + (1 = $GABAw, — SGABA ) * Fpre = (1/1.18) - sGaBA,.
SGABA, = 20+ (0.803 — scaBa,, ) - Fore — (1/8.5) - sGaBAg,
SGABAG, = 20+ (0197 — scapay,, ) * Fore — (1/30.01) - sGaBA,,,

where £, is the input spike generator simulating the CA3
Schaffer collateral, the EC perforant path and the MS inputs. The

input-to-cell synaptic parameter values are displayed in Table AS5.

TABLE A5.

Input-to-cell and cell-to-cell synaptic parameter values

Name Value Name Value
8Ca,NMDA 25 Veanmpa 140
SNMDA 0.3 Vamba 0
SAMPA 0.05 Vamra 0
8GABA 0.05 Vcasa =75

Units: g, mS/cm?; V, mV.



TABLE Ae.

Cell-to-Cell Synaptic Parameter Values

Name Value Name Value
QAAC2PC 5 Baaczrc 0.01
apcaprc 5 Brcarc 0.015
QBSC2PC 5 Bscarc 0.01
QOLM2PC 5 BoLmzrc 0.01
AvY2PC 1 Brvyarc 0.0015
QBC2BC 3.5 Bec2sc 0.18
QABC2BSC 3.5 Bec2sc 0.18
QBSC2BC 35 Bescaec 0.18
QANGL2PC 5 Bnarzrc 0.015
QpC2BC 20 Brcase 0.19
QpC2BSC 20 Brcassc 0.19
QPC2AAC 20 Brcaaac 0.19
ApC2IvVY 20 Brcarvy 0.19
QPC20LM 20 Brc2om 0.19
QOLM2NGL 5 BoLmznGL 0.01

Units: g, mS/cm?; V, mV; «, 1/ms; B, 1/ms.

Input Spike Generator

The input spike generator simulating the CA3 Schaffer col-
lateral, the EC perforant path, and the MS inputs were
described by
Foe = H(t = 1) - (H(sin(2n - (r = 2)/T)) - (1 = H(sin(2n - ( — 1)/T))))

(A44)

where 7 is the period of oscillation and H(s) is the Heaviside
function.

Cell-to-Cell Synaptic Currents

The synaptic current is given by
Lyn = gyn -5 - (V — Erey) (A45)
where g, is the synaptic conductance and £, is the reversal
potential. The synaptic conductance is expressed by
Gsyn — W DA - Zmax (A46)
where g, is the maximal synaptic conductance, DA is the do-
pamine level, and w is the synaptic strength. The DA level is
always 1 unless mentioned otherwise. The values of the synap-
tic strengths are given in Table Al. In the model three synaptic
currents are included: AMPA, NMDA, and GABA,. The val-
ues of the synaptic parameters are displayed in Table A5. The
gating variable, s, which represents the fraction of the open syn-
aptic ion channels, obeys the following differential equation
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ds
EZQ'F(Vpre)'(l—S)—B'X (A47)

where the normalized concentration of the postsynaptic trans-
mitter-receptor complex, F(V,), is assumed to be an instanta-
neous and sigmoid functions of the presynaptic membrane
potential

F(Vore) = 1/(1 4 &7 70) (A48)

where 8 = 0 mV is high enough so that the transmitter release
occurs only when the presynaptic cell emits a spike (Cutsuridis
et al., 2007). The values of the channel opening and closing
rates are displayed in Table AG.

Pyramidal Cell

Axonic (2) and somatic (5) compartments receive GABA, inhi-
bition from axo-axonic and basket cells, respectively. The proximal
dendritic (pd) compartment receives both AMPA and NMDA ex-
citation from the CA3 Schaffer collateral input and GABA, inhi-
bition from the bistratified and ivy cells. The distal dendritic (dd)
compartment receives AMPA and NMDA excitation from the EC
perforant path and GABA, inhibition from the neurogliaform
and OLM cells. Both pd and dd AMPA and NMDA synapses are
plastic and change according to the Eqgs. (1)—(3).

Axo-Axonic and Basket Cells

The somatic (s) compartments of both axo-axonic and basket
cells receive AMPA excitation from both the EC perforant and
the CA3 Schaffer collateral paths. Axo-axonic cells receive also
GABA, inhibition from the medial septal cells. Basket cells
receive GABA, inhibition from the bistratified cells and the
medial septal cells.

Bistratified Cells

The somatic (s) compartment of the bistratifed cells receive
AMPA excitation only from the CA3 Schaffer collateral path
and GABA, inhibition from the basket cells and the medial
septal cells.

OLM, Neurogliaform, and IVY Cells

The IVY cells receive recurrent AMPA excitation from the
pyramidal cells and GABA, inhibition from the medial septal
cells. The neurogliaform cells receive AMPA excitation from
the EC peforant path and GABA inhibition from OLM cells,
whereas the OLM cells receive AMPA excitation from the py-
ramidal cells and GABA, inhibition from the septum.

Hippocampus



